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ABSTRACT 
 
Amblyomma americanum, or the lone star tick (LST), is the most prevalent tick in 
the southeastern United States, and is known to transmit the bacterium Ehrlichia 
chaffeensis, responsible for the disease, human monocytic ehrlichiosis (HME). Despite 
the LST’s prevalence and connection with disease, little research has been published 
explaining LST spatial variation on a regional scale. The objectives of this study were to 
determine prevalence of Ehrlichia chaffeensis and identify factors influencing LST 
distribution across the Virginia peninsula. I sampled ticks at 101 random sites stratified 
along an urban-rural gradient in 2010 and 2012. I counted ticks at each site along two 30-
m transects and when possible, collected up to 20 nymph ticks per site for laboratory 
analysis. Nucleic acid was extracted from pooled sites of up to 20 nymph ticks in 2010 
and 2012. Polymerase Chain Reaction was used to amplify DNA coding for 16s rRNA 
unique to E. chaffeensis. Amplicons were observed at a total of eight sites. Though 
bacterial prevalence was too low to model, the results of this study indicated the 
importance of determining variables that best predict LST density in order to minimize 
the risk of human contact with LSTs carrying disease. The nymph LST counts were 
modeled using a count-based regression analysis. A hierarchical information-theoretic 
modeling process was used to determine best predictor variables, which were selected 
using Akaike’s information criterion corrected (AICc). The top models were averaged 
into a final model and then spatially applied in Geographic Information Systems (GIS). 
My study indicated that the proportion of mesic oak forest at the 300-m scale was the 
most important positive predictor of lone star nymph count, followed by deer habitat use 
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measured at the sampling scale, and the edge density of mesic oak forest and other land 
cover patches at the 240-m scale. The strongest negative predictor was the proportion of 
early successional land cover at the1600-m scale, followed by the decay distance to forest 
edge, and ground feeding bird density. The results of this project provide an opportunity 
to employ bio-informed land management in the Virginia Peninsula in order to decrease 
the number of lone star nymphs and minimize the public risk of contracting E. 
chaffeensis bacteria.  
 
INTRODUCTION 
 
Amblyomma americanum, is the most abundant human-biting tick in the 
southeastern United States (defined to include Virginia, North Carolina, South Carolina, 
Georgia, Florida, Alabama, Mississippi, Arkansas, Tennessee, and Kentucky and parts of 
Maryland, Missouri, Kansas, Oklahoma, and Texas) (Merten & Durden, 2000). It is 
commonly known as the lone star tick (LST) through the south-eastern United States and 
Europe or the turkey tick in some regions of the Midwest (Demaree, 1986), Its historical 
range has expanded rapidly since 1970 and currently includes west-central Texas, the 
lower Midwest, and the Atlantic Coast as far north as Maine (Bishopp & Trembley, 1945; 
Cooley & Kohls, 1944; Keirans & Lancombe, 1998; Paddock and Yabsley, 2007; Pratt 
and Littig, 1962). As this tick increases in population and in its contact with humans, it is 
likely to become a greater economic and health concern (Childs & Paddock, 2002, 
Goddard & Varela-Stokes, 2008). 
 A. americanum ticks exhibit extremely aggressive and indiscriminant questing 
 3 
behavior as compared with other tick species in the U.S. (Bishopp & Trembley, 1945) 
and tend to occur in dense populations. In surveys conducted in Georgia and South 
Carolina, 83% of all ticks collected were A. americanum, while in North Carolina, 93% 
were identified as A. americanum (Kennamer & Brenneman, 1991). Some surveys have 
counted more than 24,000 LSTs in a 1-hour drag of a 1-m2 flag (Goddard & Varela-
Stokes, 2008).  Humans working and recreating in these areas are at high risk for 
encountering questing LSTs. Military personnel training in ecotone regions of the South 
are especially at risk for bites. Ten soldiers training at Little Rock Air Force Base in 
Arkansas reported more than 100 ticks attached to them during a 2-week training course 
(Goddard & McHuge, 1990).  In fact, a 10-year study of all human tick bites in 
Mississippi found that 53% of all ticks recovered from humans were A. americanum 
(Goddard, 2002), and a similar study conducted in Georgia and South Carolina reported 
83% (Felz et al., 1996).   
LSTs bite humans and other animals through each of their three mobile life stages 
(larvae, nymphs, and adults) and are most abundant during the summer months when 
humans are most likely to spend time outdoors (Goddard & Varela-Stokes, 2008). Adult 
LSTs appear in early February and population numbers peak in May or June, diminishing 
in July. Adults feed on medium and large-sized mammals. Nymphs appear as early as 
March after overwintering as flat nymphs and experience two peaks in activity, one in 
May or June and one in August (Goddard, 2007). As my study occurred from June to 
August the majority of ticks collected were nymphs.  
Reports indicate that nymph population clusters can be huge. Soldiers training in 
Maryland reported levels of attached nymph LSTs at 500 nymphs per hour (Stromdahl et 
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al, 2000). These populations of nymphs feed indiscriminately on ground-feeding birds, 
medium and large sized mammals (including humans) and occasionally, small mammals 
(Kollars, 1993). Within these feeding habits, the white-tailed deer (Odocoileus 
virginianus) is significantly more likely to be a host, positioning deer as a strong 
predictor of nymph survival (Childs & Paddock, 2003). Larvae (referred to as ‘seed 
ticks’) hatch from eggs deposited by female LSTs in a thousand-egg mass in late July or 
early August. After hatching, larvae remain clumped on vegetation to quest for hosts.  
Birds are generally thought to be the main predators of ticks. At least 29 species 
of birds from the large order of songbirds, Passeriformes, are known to feed on questing 
ticks from the ground (Samish & Rehacek, 1999). Though the ecological importance of 
birds on tick population is difficult to measure, the results of experiments conducted in a 
variety of countries and habitats confirm that birds often serve as important suppressors 
of tick populations (Addison, et al., 1989, Milne, 1950, Mwangi, 1991, Petney, 1993, 
Petrischeva, 1949).  Though birds may predate LSTs, Ehrlichia chaffeensis has never 
been found in a bird host (Paddock & Childs, 2003). 
LST populations thrive in damp forests with dense underbrush (Hair & Howell, 
1970), and are easily capable of establishing satellite populations well outside their native 
range if physiographic features and host availability are suitable (Childs & Paddock, 
2003). These lifestyle features make LST populations likely to continue to spread rapidly, 
even beyond their historic expansion from 1970 to the present. The first and most 
predominant factor in this expansion is the explosive growth in population of white-tailed 
deer since 1900. After a period of near extirpation due to hunting in the beginning of the 
century, deer populations reached historical highs of near 17 million by the mid 1990s 
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(McShea et al., 1997). This expansion has been matched by an increase in LST 
population. For example, a study conducted in South Carolina from 1973-1974 showed 
A. americanum to contribute only 7.7% of human bites (Burgdorfer et al., 1975), while a 
study conducted in a similar area from 1995-1998 showed that A. americanum were 
responsible for 73% of human bites (Felz et al., 1996). Other vertebrate hosts including 
coyotes (Canus latrans) and wild turkeys (Meleagris gallopavo) have also increased 
dramatically throughout the range of LST (Childs & Paddock, 2003). Along with rapid 
spread in the prevalence and distribution of competent LST hosts, many scientists 
hypothesize that changes in climate and habitat are also altering the geographical 
distribution of vector species (Kavats et al., 2001). As tick hosts are most common in 
fragmented forest landscapes and ticks depend heavily on landscape features to find the 
right combination of habitat and host presence their emergence might be linked to 
changing climatic and land-cover norms in the United State (Wimberly et al., 2008). 
A. americanum is the known vector of several human diseases and suspected in 
some capacity in the ecology of several more. The focus of this investigation is the 
bacteria E. chaffeensis, the agent of human monocytic ehrlichiosis, (HME) and the best-
documented disease associated with LSTs. However, LSTs are also known to carry and 
transmit other bacteria associated with human disease including E. ewingii, the cause of 
human granulocytic ehrlichiosis (Buler et al. 1999), and Francisella tularensis, the cause 
of Tularemia.  LSTs association with several Rickettsia species, especially R. rickettsii, 
the agent of Rocky Mountain Spotted Fever, R. parkari, responsible for American 
Boutoneusse Fever, Coxiella burnettii the cause of Q fever, and Borrelia lonestari, once 
thought to cause Southern Tick Associated Rash Illness (STARI) has been established in 
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the laboratory but has not been convincingly determined to result in human infection 
(Goddard & Varela-Stokes, 2008). 
E. chaffeensis is a small (0.5 µm), obligatory intracellular bacteria that resides as 
microcolonies in cellular vacuoles, particularly within monocytes and macrophages 
(Walker et al., 2004).  The major mammalian host and reservoir of E. chaffeensis is 
white-tailed deer. Deer maintain a subclinical and persistent infection after inoculation by 
A. americanum ticks, and can then pass the bacteria to other ticks if bitten again (Ewing 
et al., 1995). Once a LST is infected with E. chaffeensis, it can pass the bacteria 
transstadially, meaning through life stages, but not transovarially, meaning infected 
female ticks are not able to pass the bacteria to their eggs (Walker et al., 2004). Infected 
dogs, coyotes, and a goat have also been observed. Humans that receive E. chaffeensis 
through the bite of a LST may develop human monocytic ehrlichiosis (HME). This 
disease has been reported in 47 states, with the vast majority found from New Jersey to 
Kansas and southward, where LSTs and white-tailed deer are abundant (McQuiston et al., 
1999). Two-thirds of all infections occur between May and July (Walker et al., 2004), 
making nymph ticks that are active during that time period particularly relevant when 
considering the spread and prevalence of HME. 
 HME is a moderate-to-severe disease with 41-63% of patients requiring 
hospitalization (McQuiston et al., 1999). The highest reported case-fatality rate in the 
United States occurred in 2003 at 3.7% while in some years including 2000 and 2005 no 
fatal cases were reported (Centers for Disease Control and Prevention Rickettsial 
Zoonoses Branch, 2012). For reference, the worst influenza pandemic in history, the 
Spanish Flu of 1918 had a case-fatality rate of about 2.5% (Marks & Beatty, 1976) and 
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most influenza strains have a case-fatality rate of less than 0.1% (Rosenau & Last, 1980). 
The incubation period of the disease is typically one week after exposure to an infected 
tick (Fishbein et al., 1994) Presentation of the disease includes a plethora of non-specific 
symptoms including fever, headache, muscle ache, nausea, dizziness, cough, rash, 
confusion, and stiff neck (Olano et al., 2003). Life threatening manifestations include 
Ehrlichial meningoencephalitis (Fordham et al., 1998) and adult respiratory distress 
syndrome (Patel et al., 1999). The bacteria are introduced from the dermal site of 
inoculation via lymphatic vessels (Olano et al., 2003). E. chaffeensis then travels by 
blood to the bone marrow, spleen, lymph node, brain, lung, kidney, gastrointestinal tract, 
and heart (Walker et al., 2004). The incidence of HME per million people is under 0.60 
for individuals under 30 and over 0.80 for individuals above 30. The highest incidence, 
1.40, occurs in people age 50-59 (Demma et al., 2005).  
 The incidence of HME is likely to increase in the next fifty years due to several 
factors. First, increases in A. americanum population density (Ginsberg et al., 1991) and 
geographical distribution (Keirans & Lancombe, 1998, Means & White, 1997) will 
increase the risk that humans contract a tick. Second, increases in population and 
geographical distribution of vertebrate host populations, especially white-tailed deer and 
wild turkeys (McCabe & McCabe, 1997, Thompson et al., 2001), will increase the 
chances that each individual tick will encounter a competent host.  Third, increased 
human contact with natural foci of infection due to recreation, occupation (Paddock et al., 
1997, Standaert et al., 1995), habitat modification, climate change (Gubler et al., 2001), 
and population shift to rural environments (Long & DeAre, 1982, Rumley et al., 1991) 
will promote encounters of humans and ticks. Finally, increasing human population over 
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40 (U.S. Census Bureau, 1999) and increased longevity of immuno-compromised 
populations (Centers for Disease Control and Prevention, 2000, Palella et al., 1998, 
Rumley et al., 1991), will increase the highest risk populations for HME infection.  
Landscape Ecology is the study of the ways that the structure of the landscape 
affects ecological processes both at spatial and temporal scales (Turner, 1989,Wu & 
Hobbs, 2007). Human population growth in the last 100 years has increased the 
heterogeneity of land cover distributions by introducing agricultural, urban, suburban, 
and low-intensity development to landscapes (Reisen, 2010). Patches are described as 
relatively homogeneous areas of land cover that differ from their surroundings (Turner, 
1989). The background ecological system is called the matrix (Turner, 1989). In a 
heterogeneous landscape, patches include boundaries between them that can either be 
defined or continuous (Sanderson & Harris, 2000). Edge is the portion of a land cover 
patch near its perimeter, where the characteristics of adjacent patches create a different 
landscape composition as compared with the rest of the patch. Edges are often 
characterized by unique species composition (Forman, 1995). Scale is an important factor 
in determining the relevancy of landscape features.  Scale on a map corresponds to a real 
distance in the landscape (Malczewski, 1999). In many studies, it is defined as ‘‘grain 
and extent’’ (Turner, 1989). Grain is the is resolution of the analysis, while extent is the 
total area of the study area (Dale, 1999). 
 Landscape Epidemiology applies basic principles of Landscape Ecology and 
Epidemiology to the spread, prevalence, and distribution of pathogens, vectors, and 
vector-borne diseases. This is possible because diseases tend to appear in distinct foci 
within the landscape. These foci, or nidi, congregate in specific landscapes where three 
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critical elements are found: competent and infectious vectors, competent vertebrate 
reservoirs, and susceptible recipient hosts like humans or domestic animals (Pavloskiy, 
1966) (Fig. 1). Due to this spatial heterogeneity, the distribution of zoonotic disease can 
be investigated using the tools already established in Landscape Ecology.  As E. 
chaffeensis is an obligate intercellular parasite (Walker et al., 2004), it depends on LST 
vectors to infect vertebrate hosts (Wimberly et al., 2008). In turn, LSTs depend on their 
vertebrate hosts, like white-tailed deer, for dispersal (Childs & Paddock, 2002). The 
Virginia Peninsula is an ideal place to investigate distribution of LST and E. chaffeensis 
because of the high variation of land cover and urbanization across the study area.  
Tick-borne pathogens, like HME, demonstrate particularly strong ecological 
linkages because of the relationship between arthropod vectors and vertebrate hosts 
(Childs & Paddock, 2003). Land cover variables are an important predictor of vegetative 
cover and relative humidity, both of which affect a tick’s probability of desiccation 
(Kaufman, 2009). Host interactions are extremely important since tick dispersal is limited 
to the dimensions of deer and other hosts’ home ranges (Reisen, 2010, Wimberly et al., 
2008). The combination of these two variable classes is strengthened by tick life-history 
traits. As ticks feed only once during each life stage and live for multiple years, tick-
borne pathogens tend to exhibit slow developing but persistent outbreaks (Reisen, 2010). 
This increases the importance and relevance of developing a predictive model at the onset 
of the emergence of a new pathogen in order to make the best decisions about 
management before tick population and pathogen acquisition become more prevalent 
(Kovats et al., 2001).  
In my study, I focused on including independent variables that I hypothesized a 
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priori would be most important for predicting the presence and prevalence of ticks. The 
land cover proportion variables account for the habitat and niche necessities for LSTs, the 
edge variables account for the important ecotonal gradients between land cover types that 
often define the hosts found in each area, and the hosts densities account for the host-
vector interactions crucial to LST survival and dispersal. By allowing these variables to 
compete against each other, I created a modeling environment that could identify the 
most important predictors of LSTs density. Previous studies validate this approach. For 
example, Kovats et al. hypothesize that zoonotic pathogens are expanding due to changes 
in landscape level habitat factors and geographical distributions of host species (Kovats et 
al., 2001). They extend that the best method by which to explain and understand these 
changes is to map the regional ecology of vectors and hosts. This modeling method 
allows the identification of locations that pose a high risk to human health as well as 
likely environmental changes that would increase that risk (Guernier et al., 2004). 
Although relationships between some tick species and landscape level variables 
have been well examined, fewer studies have been conducted on A. americanum and at 
finer resolutions. As LSTs differ greatly in their habitat preferences as compared to the 
much more highly studied black-legged tick, (Ixodes scapularis) a major vector of Lyme 
disease, and as they are the main vector of the emerging disease, HME, it is an extremely 
relevant time to model their distribution. Additionally, although there have been some 
studies of the pathogen E. chaffeensis itself  (Yabsley et al., 2005,Wimberly et al., 2008, 
Wimberly et al., 2009) in a presence/absence model at the county scale, and several 
micro/meso scale habitat studies on LSTs (Schulze & Jordan, 2005, Willis et al., 2012, 
Civitello et al., 2008), to my knowledge, predictive models that consider nymph tick 
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count against land cover, edge, and host interactions during the highly important summer 
months are lacking.  
 
METHODS 
 
Study Location  
This study was conducted on the Virginia Peninsula (Fig. 2), a section of the state 
bounded by the York River, James River, and the Chesapeake Bay. Nymph LST counts 
were conducted on 101 random sampling locations across the Virginia Peninsula. 
Sampling locations were stratified along an urban-rural gradient in forest ecosystems and 
spaced 600-m apart. Random selection of study locations were performed in Arc Map 
GIS 10.1 (Esri, Redlands, CA).  
The sites used in this analysis include 20 sites on Colonial National Park Service 
land, managed by the National Park Service, 5 sites in Colonial Williamsburg managed 
by the City of Williamsburg, 13 sites within Dragon Run State Forest, managed by the 
Virginia Department of Forestry, 7 sites in Freedom Park, managed by James City 
County, 5 sites in Greensprings Trail Park also managed by James City County, 1 site on 
private land, 13 sites in Newport News Park managed by the City of Newport News, 5 
sites in New Quarter Park managed by York County, 3 sites in Sandy Bottom, managed 
by the City of Hampton, 6 sites in Sandy Point State Forest, managed by Virginia 
Department of Forestry, 14 sites at the College of William & Mary, managed by the 
College of William and Mary, 5 sites in Waller Mill Park, managed by the City of 
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Williamsburg, and 4 sites in York River State Park, managed by the State of Virginia 
(Table 1, and Fig. 2). 
The Virginia Peninsula was chosen as the unit of analysis for this study for 
several reasons. First, the land cover types found in the study area vary heavily from 
region to region. The southeastern part of the peninsula is characterized by heavy urban 
development and proximity to salt marshes, the Chesapeake Bay, and the Atlantic Ocean. 
Moving northward land cover changes to mainly low to medium development, with 
proximity to the James or York River, patchy park land, agriculture, and swampland. In 
the most northward counties there are more patches of state forest managed for deer as 
well as the urban development surrounding Richmond. This highly heterogeneous 
landscape lends itself well to the type of analysis conducted in Landscape Epidemiology. 
Also relevant is the increasing urbanization throughout the study area, much of it low-
medium development, likely placing people in the transition zones between forest and 
developed land, ideal mixing zones for people and ticks. Finally, white-tailed deer 
populations are of concern in Virginia Peninsula, especially in the urban and suburban 
parks scattered throughout the middle of the study area (VDGIF, 2007). As these often 
occur where people and ticks are already present, these parks serve as likely nidi for 
emerging zoonotic disease.  
 
Tick Collection 
Ticks were collected at each study site using two 30-m transects. I navigated to each 
study location using a Geographical Positioning System (GPS; Garmin GPSmap 60Cx, 
Olathe, KS). To set up transects, colleagues and I walked 15 meters out from the center 
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of the site north, south, east, and west. We avoided large trees, wet patches, or thorn 
bushes but otherwise walked two straight transect centered as close to the GPS location 
as possible. We did not preferentially drag areas with good tick habitat.  We collected 
ticks using a 1m2 square of white canvas taped on edges to provide stiffness and clear 
borders. The canvas was tied to a 1.5 m PVC pipe so that we could drag the canvas along 
the transect without walking in the transect. Walking alongside each arm of the transect, 
we dragged the canvas along the ground and over vegetation. Every 3 meters we flipped 
the flag and counted ticks. Adults and nymphs were pulled from the canvas using 
masking tape in 2010 and watchmaker tweezers in 2012. In 2010, tape was placed in 
plastic bags labeled with site name.  Once back in lab, ticks were pulled of the tape, 
added to plastic vials, and flash frozen in liquid nitrogen.  In 2012 ticks were removed 
from the flag and transferred directly into vials containing 95% ethanol. A new vial was 
used for each site. A control vial in which the tweezers were dipped but no ticks were 
added was also collected. In both years, ticks were frozen at -800 C until processing. 
 
DNA Analysis 
DNA Extraction – DNA was extracted during the summers of 2010 and 2012. 
Watchmaker’s tweezers were used to sort nymph Lone Star Ticks from adults and other 
tick species. Up to 20 LST nymphs were transferred to reinforced 2.0 ml micro-
centrifuge tubes filled with 100 µl of 1mm diameter solid-glass beads (Sigma Aldrich, St. 
Louis, MO, Catalog #Z273619). Each 100µl tube represented a unique site where nymph 
ticks had been collected. A Bead Ruptor 24 (OMNI International, Kennesaw, GA) was 
used to disrupt the tick tissue. Tubes were shaken for 2 cycles of 90s each at 5.5m/s. 
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After shaking, the tubes were transferred to ice. To further lyse cells and release their 
genetic content lX ATL lysis buffer and protease K were added. Finally, the contents of 
the tube were purified using a DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA, 
USA.) according to manufacturers instruction.  Eluted DNA was washed and stored in 
1.5 ml capped tubes at -20 °C. Concentration of the extracted DNA was determined at 
OD 260 using a Nanodrop 1000 (Thermo Scientific, Waltham, MA).  
 
Polymerase Chain Reaction – Two PCR reactions were prepared for each site. Both used 
the DNA extracted as described above and the following sets of primers: 16S tick 
ribosomal RNA specific primers 16S-1 (5’ GTCTGAACTCAGATCAAGT-3’) and 
16S+1 (5’-CTGCTCAATGATTTTTTAAATTGCTGT-3’) to produce a 454 base pair 
amplicon (Macaluso et al. 2003) and E. chaffeensis specific 16S ribosomal RNA primers 
HE1: (5'- CAATTGCTTATAACCTTTTGGTTATAAAT-3') and 
HE3: (5'-TATAGGTACCGTCATTATCTTCCCTAT-3') producing a 390 base pair 
amplicon (Stromdahl et al., 2000, Anderson et al., 1992).  The complete extraction 
protocol, PCR reaction, and the PCR program parameters are listed in Appendix A. All 
tick PCR products were purified for sequencing using a Gel/PCR DNA Fragment 
Extraction Kit (IBI Scientific, Peosta, IA). Sanger method sequencing reactions were 
conducted by Lidia Epp at the William & Mary Molecular Core Facility (CoreLab) 
(http://www.wm.edu/as/biology/about/facilities/molecular/index.php)) using an ABI 
2500 Genetic Analyzer (Life Technologies, Grand Island, NY). Sequences of individual 
amplicons were identified by a Basic Local Alignment Search Tool (BLAST) search 
(http://blast.ncbi.nlm.nih.gov), which confirmed ticks as Amblyomma americanum. For 
every site, the tick 16S ribosomal RNA gene was amplified to ensure successful DNA 
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extraction. A negative control using water instead of DNA was also prepared and run to 
ensure that there was no contamination. Another negative control using the 95% alcohol 
in which the tweezers were dipped without ticks was also prepared and run. PCR 
amplicons were visualized under ultra-violet light after gel electrophoresis (120 Volts for 
30 minutes) on a 1% agarose gel containing 10mg/ml ethidium bromide.  All gels were 
documented using an ultraviolet illuminator and a standard DLSR camera (Fig. 3).  
 
Variable Selection 
Dependent variable: As the actual number of ticks found at a site is likely to significantly 
affect the likelihood that a reservoir or recipient host will be bitten, and as one of the 
goals of this model is to investigate the risk of human exposure to E. chaffeensis bacteria 
through LST vectors, the actual count per site is highly relevant, I chose to nymph tick 
counts as the dependent variable in the model.  
As the nymph counts varied for the same sites in 2010 and 2012, I averaged LST 
counts from the two years. Averaging the counts made sense as I wished to investigate 
nymph LST spatial and not temporal variation. Averaged counts nymph counts did not 
correlate with Julian date (rs = -0.08, p=0.45.)  
 With the dependent variable selected, I began conducting an information-
theoretic process to determine the best predictor variables. Two data sets were used. The 
first was obtained by conducting surveys in the field at each site. I refer to this set as 
“site-based.” The second was obtained through satellite imagery. I refer to this set as 
“remotely-sensed.” 
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Site-based variables – As host densities are considered important predictors for other tick 
species (Reisen, 2010, Wimberly et al., 2008) I considered a variety of likely LST hosts 
in the site-based analysis. Microstegium vimineum (Japanese Stilt Grass) is an invasive 
species in the Virginia Peninsula that has been experimentally shown to negatively affect 
LST survival (Civitello et al., 2008). Thus, I also included Microstegium 
vimineum presence and percent cover in the site based analysis.  
Colleagues and I measured relative deer habitat use by counting deer pellets on 
two 60-m transects running north and east from the center of each sampling site. Deer 
pellet counts occurred in summers of 2010 and 2012. We also assessed density of ground 
feeding birds in 2010 and 2012 and eastern grey squirrels in 2012 using point counts 
(Bibby, 1992). We measured distances between objects and observers using Insight 
400XL laser range finders (Opti-Logic, Tullahoma, TN). We also measured covariates 
that could potentially affect detection of birds or squirrels. These included: ground wind 
speed, measured using a Model 2000 pocket weather meter (Kestrel Meters, Birmingham, 
MI); crown wind speed, determined using the Beaufort scale (Appendix B); time of day; 
time of year; and the observer. All point counts were surveyed between the last week in 
May and end of June and between 15 min. after sunrise and 10:15AM.  We did not 
survey birds on rainy days. We estimated densities of deer pellets, ground-feeding birds, 
and Eastern grey squirrels using Program Distance 6.0 Release 2 (Thomas et al. 2010). 
Program Distance estimates detection probabilities, or the probability that a species is 
detected given that it is present. It then incorporates this probability in density estimates 
to adjust density estimates for missed individuals. 
We estimated both Microstegium vimineum presence/absence and cover for each 
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sampling site in 2010.  We assessed presence/absence in a circle of 15-m radius centered 
on sampling locations. We walked the total area inscribed by the circle to check for 
Microstegium vimineum presence/absence. We estimated Microstegium vimineum cover, 
to the nearest percent, in 1m2 plots placed every 5 meters along two 30-m transects 
running north and east from each sampling site. We sampled the center of the transect 
once.  
  
Remotely-sensed variables – Much of Landscape Ecology and Epidemiology depends on 
landscape data obtained via satellite imagery. This process is called remotely-sensing. I 
used land cover data created by the Southeast Gap Analysis Project 
(http://www.basic.ncsu.edu/segap/.) This collaboration of ten universities and research 
centers reclassified satellite imagery to nationally consistent and ecologically meaningful 
land cover data classified using the National Vegetation Classification System (Grossman 
et al. 1998). Land cover is delineated into “Terrestrial Ecological Systems” based on 
similar ecological processes and/or environmental gradients. The Southeast Gap Analysis 
Project defines its systems based on ecological systems that are relevant for periods 
lasting at least 50-100 years (Pearlstine & McKerrow, 1999). The project recommends 
that its classification system be used as a baseline dataset that should be modified based 
on phenological or structural elements important and available for mapping the habitat 
under analysis. All land cover data via the Southeast Gap Analysis Project is publically 
available. This fine level of classification gave me a framework of land cover delineation 
from which to develop a specific land cover classification system relevant to LST habitat. 
Since I use a constant 30-m cell size throughout all spatial analysis I eliminated 
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the necessity of “grain,” allowing me to focus the diversity of my independent variables 
on “extent” (Turner, 1989). I used the relevant home ranges of the local hosts of the LST 
to determine the extent of each variable. As discussed in Childs & Paddock (2003), 
nymphs use ground-feeding birds, medium and large sized mammals, and occasionally, 
small mammals as hosts. Considering the fauna common in the Virginia peninsula, I 
chose eight probable hosts: Carolina Wren (Thryothorus ludovicianus), American Robin 
(Turdus migratorius), Chipping Sparrow Spizella passerina, Northern Cardinal 
Cardinalis cardinalis, Wood Thrust Hylocichla mustelina, Eastern Towhee Pipilo 
erythrophthalmus, eastern grey squirrel Sciurus carolinensis and white-tailed deer. 
Literature reviews allowed me to define average home ranges for each. The Carolina 
Wren uses a 0.7 ha home range (47-m radius) (Haggerty, 1995,) the American Robin 
forages in a 300-m radius (Sallabanks & James, 1999), the Chipping Sparrow’s home 
range is unknown (Middleton, 1998), and so it was assumed to be the same as the 
Carolina Wren. The Northern Cardinal uses an average home range of 16 ha (71-m 
radius) (Halkin & Linville, 1999), the Wood Thrush uses an average home range of 0.08-
4.0 ha (252-m radius) (Evans et al., 2011), the Eastern Towhee’s home range is unknown 
(Greenlaw, 1996) so it was assumed to be the same as Northern Cardinal. The home 
range for the eastern grey squirrel ranges between 0.8-1.5 ha (60-m radius) (Riege, 1991), 
and the white-tailed deer’s home range varies between 59-520 ha (270-m radius for 
midpoint) though its seasonal habitat has a 1600 m radius (Smith, 1991). Based on these 
data, I evaluated independent variables at five scales that overlapped with the above 
vertebrate hosts of lone start ticks: 60, 240, 270, 300, and 1600 m.  
Once the scales were selected, I used ArcMap to clip the land cover raster 
 19 
downloaded from the Southeast Gap Analysis Project to fit the study area. Using the 
descriptions of Ecological Systems (NatureServe, 2007), I reclassified the 69 land cover 
types to 14 land cover types that I predicted a priori would be relevant to LST or host 
habitat use or avoidance. These included unsuitable habitat, open salt water, open fresh 
water, mesic oak forest, dry oak forest, coniferous forest, riparian forest, maritime forest, 
developed open space, low to medium development, early succession land cover, swamp, 
tidal marsh, and agriculture (Appendix C). Clearly, any land covered by water will not be 
used by LSTs. However, maritime forest, swamp land, and riparian land covers might be 
used by ticks if the soil was not consistently wet, if the vegetative cover provided the 
correct levels of humidity, and protection (Hair & Howell, 1970, Childs & Paddock, 
2003). Agricultural, early succession, developed open space, and low-medium 
development land cover types are less likely to provide ideal land cover for ticks, but at 
large scales they might be a good predictor of synanthropic tick host habitat use (Reisen, 
2010, Wimberly et al., 2008). Most likely dry oak forest and coniferous forest are both 
too dry near the forest floor to support LSTs but again, host population preferences might 
affect tick distribution at certain scales (Kaufman, 2009). As LSTs are a forest tick 
species and use animals occurring in deciduous forest as hosts, I predicted that mesic oak 
forest would most likely be an important predictor of tick habitat. These 14 land cover 
types were combined onto a reclassified map of the study area for use in further analysis 
(Figure 2). 
I used ArcMap to extract the proportion on each of the 14 reclassified land cover 
types within the study area. This analysis was performed at each ecological scale. The 
process calculates the percentage of land cover type contained in a circle around the 
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center of the study site with a radius of whichever scale applied. Once this calculation 
had been made for every cell throughout the study area, the program produces a new map 
layer that projects a 0-1 distribution of the land cover type analyzed at the scale selected. 
Using this protocol I created 70 layers that characterized each land cover proportion at 
60, 240, 270, 300, and 1600-m scales.  
After identifying the 14 relevant land cover types and proportions, I began to 
consider edge effects that might affect LSTs and their hosts. As edge effects tend to be 
less discrete than land cover proportions (Sanderson & Harris, 2000) and because there 
was little dry oak forest found in my study area I first combined the mesic and dry oak 
forest proportions into one layer called oak forest. I also created a layer called “all forest” 
that added mesic oak, dry oak, riparian, and coniferous forest into a single forest layer.  
To select the types of edge that would be relevant to nymph LST count, I 
considered life histories. It is known that white-tailed deer display move farther in 
fragmented forests (Long et al., 2005). I predicted that increased deer dispersal might 
lead to higher chances of nymph LSTs encountering suitable hosts. This ecological 
interaction might make edge density an important predicting factor for nymph LST 
counts. It is also known that forest fragmentation affects other tick species (Brownstein et 
al., 2005). Considering these concepts, I predicted that the edge densities between oak 
forest, coniferous forest, and all forest with agriculture, early successional forest, 
agriculture, and developed open space would be most relevant to tick distribution. I used 
Geospatial Modeling Environment (GME; http://www.spatialecology.com/gme) to 
extract edge from the two land cover types identified for each analysis. I then used 
ArcMap to calculate the edge density (km/km2) per cell at each biologically relevant 
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radius, 60, 240, 270, 300, and 1600-m. Using this protocol I created 60 layers that 
characterized the important density of edge, or transitional area, between the selected 
land cover types at each biologically relevant scale. 
Distance to disturbance is another important variable to describe the effect of 
forest landscape patterns on species distribution. I predicted that nymph LSTs and their 
hosts would be most affected by anthropogenic features and water. To quantify these 
effects, I used ArcMap to calculate the distance from the site where ticks were collected 
to the feature in question. I considered the distance from each site to roads, low-medium 
development, and forest edge. I also included the distance to brackish water to investigate 
if ticks thrived in habitat close to tidal swamp or marsh land cover and distance to fresh 
water to determine if suitable habitat close to freshwater like riparian systems would be 
favorable to ticks.  
For each of the four features detailed above I calculated the Euclidean distance, or 
the physical distance measured on the ground, from the site to the feature in meters. I also 
calculate biologically relevant distances from each site to each feature as ecological 
processes may not behave linearly (Nielsen et al. 2004). This is accomplished by raising 
the mathematical constant e to the Euclidean Distance divided by a negative biologically 
relevant scalar (25, 30, 35, 180 m). For each of the four biologically relevant scales and 
for each of the previously discussed variables I calculated the biologically relevant 
distance. Using this process I created 20 layers that represented the Euclidean and 
biologically relevant distances to important tick habitat land features. 
After all the independent variables were developed, I exported the table from GIS 
to Microsoft Excel. Using this program, I standardized my data by calculating the mean 
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and standard deviation of every variable, subtracting the mean from the raw data, and 
dividing by the standard deviation. This process allowed me to investigate each variable’s 
importance in explaining nymph tick count as relative to each other and prevented any 
variable from displaying an artificially inflated slope based on raw data values. 
I then sorted each independent variable to determine how many zeros were 
present in the data set. A site with the value of 0 represents a site where 0% of the land 
around that site at that scale contained the variable in question. For example, a site in the 
middle of land-locked Sandy Point State Forest will display 0 values for open salt-water 
land cover proportion. Using this method, I eliminated any independent variables that had 
less than 20 non-zero values. This process excludes the possibility of “perfect fit” 
resulting in models that have highly inflated slopes resulting from too many 0 values.  
Finally, I decided to maintain the independent variables in different sets based on 
the method of data collection. This allowed me to expose correlation and non-
convergence as quickly as possible in the modeling process. The terms “site-based,” and 
“remotely-sensed” were maintained throughout the analysis. 
 
Statistical Modeling 
Negative binomial modeling is an emerging tool for examining phenomena that 
vary beyond a 0/1 (or absence/presence) dichotomy. This modeling type avoids the “type 
two” error, in which a data set collapsed from a count to a dichotomy does not reveal a 
significant relationship between dependent and independent variables despite its 
existence (Britt & Weisburd, 2010). These data and the importance of tick count to 
predicting high-risk areas in the landscape indicated the importance of using a negative 
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binomial model in this analysis. 
Within count-based modeling systems both Poisson distributions and Negative 
binomial distributions are commonly used. Poisson distributions assume that the 
conditional mean and variance of the distribution are equal. Negative binomial 
regressions do not make this assumption and correct for over dispersion of the data in 
which the variance is greater than the conditional mean (Osgood, 2000, Paternoster & 
Brame, 1997). I tested my data’s fit to the theoretical distribution of both the Poisson and 
the negative binomial distributions using the Statistical Modeling Environment, R (R 
Foundation for Statistical Computing, Vienna, Austria) to conduct a Vuong’s Closeness 
Test for non-nested data. This statistical analysis tests the null hypothesis that the two 
models in question are equally close fits to the theoretical distribution against the 
alternative hypothesis that one model more closely fits the theoretic distribution (Vuong, 
1989). It is a method by which to choose a modeling process based on the data under 
examination. This differentiation is accomplished using a chi-squared test (Wilson & 
Hilferty, 1931). 
 Within the parameters of a count-based model, I used a hierarchical modeling 
approach. In this approach, the sets of independent variables determined a priori compete 
with each other to determine the best fit within each set. In this analysis, the two sets 
were “site-based,” and “remotely-sensed.” The top models are pulled from each set and 
the variables compete in a final model.  Once a final model is determined, model 
averaging is used to ensure that at least 95% of the variation in the model is explained. 
The top models are selected using Akaike information criterion, or AIC values (Akaike, 
1973). These are calculated for every model and represent the relative goodness of fit of 
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the statistical model (Burnham & Anderson, 2002). In this modeling process, I selected 
top models based on Akaike information criterion corrected, or AICc values. These 
represent the AIC value with a correction for a finite sample size, in my case n = 101 
(Hurvich & Tsai, 1989). AICcs are recommended for use in model building because they 
account for a finite sample size but will also converge to AIC values as the sample size 
increases (Burnham & Anderson, 2002). The model with the lowest AICc value 
represents the explanatory process that lost the least amount of information when 
explaining the variation as compared with the other models in the set (Burnham & 
Anderson, 2002).  
In addition to AICcs, the negative binomial modeling process also determines the 
importance of each variable within each model, represented by the beta values. Beta 
values can be positive or negative, the former representing a variable that relates 
positively with LST nymph counts and the latter representing a variable that relates 
negatively with LST counts. When determining a final averaged model, the beta values 
are multiplied by another important term, the model weight. The model weight represents 
the explanatory capability of the model as compared with the rest of the models in the set. 
Like AICc values, the Beta values and weight have significance in their relative status as 
compared with other variables or other models (Burnham & Anderson, 2002). 
 
Site-based model – With the modeling parameters determined, I began to create the site-
based model. I included deer pellet transect counts, ground-feeding bird and squirrel 
point counts, stilt grass presence, and stilt grass coverage. Before moving forward with 
the modeling process I used R to run a Spearman Rank Correlation Test. This test 
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determines if any of the independent variables under investigation correlate with each 
other. The purpose of this test is to eliminate independent variables that explain the same 
biological trend therefore eliminating noise from the modeling process. If two variables 
correlated, I retained the variable that I thought was more biologically meaningful. After 
the correlation test, I used R to perform a dredge on the global negative binomial model. 
This function tests all possible combinations of each variable with each other variable 
and with each combination of variables to determine the most parsimonious set of 
variables that explain the variation in the dependent data. 
 
Remotely-sensed model - The remotely-sensed data included the land cover proportion 
variables, the edge density variables, and the distance to anthropogenic features. R 
Statistical Environment cannot import a data set with more than 101 independent 
variables. Therefore, I split the remotely-sensed data set into two sets for preliminary 
analysis, one set including all the distance variables and the other set including the 
landscape proportions and edge variables. In previous modeling, I encountered significant 
correlation in the edge densities. Therefore, I ran a preliminary Spearman Rank 
Correlation Test to investigate correlation in the edge densities. 
To reduce the level of redundancy and test which biologically relevant scale best 
explained the variation in the LST nymph count, I used R to run negative binomial 
models for each scale of each variable against the LST nymph count. I then used R to 
create a ranked output that displayed which of the 5 models best explained the data as 
determined by the AICc. For each variable, I selected the model with the lowest AICc 
value, and continued with that variable for a second Spearman Rank Correlation Test. 
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One of the correlating variables was removed and the remaining variables were carried 
into the next model. 
To determine the most parsimonious set of independent remotely-sensed variables 
to explain the variation in LST nymph count I used R to run a data dredge on the global 
negative binomial model. This function also tested the variables for non-convergent 
models, or models for which the explanatory variable does not have a single best solution 
to explain the variation in the data. 
 
Combined site and remotely-sensed model - Taking the top models from the site-based 
and remotely-sensed models, I used R to run a final data dredge on the top variables from 
both processes. The resulting model provided the most parsimonious set of variables to 
explain the variation in the LST nymph count. 
Using the results from the combined data dredge, I used Excel to extract a set of 
top models based on each model’s AICc weight. It is standard practice to sum the model 
weights until they add to 0.95, then move on with that number of models (Gerda, 1973). I 
averaged this set of models by multiplying each beta values by the individual model’s 
weight then summing the adjusted values. The resulting number is the averaged beta 
value for every variable. This process resulted in my final average model. I also used R to 
calculate the standard deviation of each variable within each top model. I then used Excel 
to multiply these values by the weight of each model and summed the results. Using this 
process I calculated the standard deviation for each independent variable (Burnham & 
Anderson, 2002).  
  
 27 
Spatial Application  - I used ArcMap to create a spatial representation of my final 
averaged model. I began by standardizing the layers that were included in my final model 
by subtracting the mean and dividing by the standard deviation as explained above. I then 
used ArcMap to create a layer that represented the negative binomial distribution of 
nymph LST count and the variables in the model. For the spatial application, only the 
remotely-sensed variables could be used because I did not have access to a spatial 
representation of deer habitat use of ground-feeding bird density.  
 
RESULTS 
 
Tick Collection  
A total of 101 sites were sampled in both 2010 and 2012. 95 total adult LSTs and 1842 
nymph LSTs were collected in 2010. 67 adults LSTs and 1306 nymphs LSTs were 
collected in 2012 (Table 2). The highest number of adult LSTs at one site in 2010 was 11. 
The highest number of adult LSTs at one site in 2012 was 14. The highest number of 
nymph LSTs at one site in 2010 was 335. The highest number of nymph ticks at one site 
in 2012 was 286 (Appendix D).  
DNA Analysis 
DNA Extraction - In 2010, ticks were collected at a total of 75 sites. This number was 
limited from the original 101 sites sampled because we did not receive permits to collect 
arthropods until several weeks into the field season.  Of those 75 sites, nymph ticks were 
only detected at 54 sites. gDNA was extracted from pooled nymph ticks from those 54 
sites in 2010. In 2012, ticks were collected at a total of 109 sites. This number was 
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inflated from the original 101 because of a slightly longer field season. I made the 
decision to extract DNA from all samples available in 2010 and 2012 in order to 
determine the most accurate molecular results possible. This is permissible because the 
results of the molecular analysis were not used to inform the tick distribution and 
prevalence model.  Of the 109 sites sampled in 2012, nymph ticks were detected at 81 
sites. gDNA was extracted from pooled nymph ticks from these 81 sites in 2012 
(Appendix E). 
  
Polymerase Chain Reaction - PCR reactions were conducted for every site that DNA was 
extracted in 2010 and 2012. 454 base pair amplicons of the 16S tick ribosomal RNA gene 
were detected for all 54 sites in 2010 confirming that my gDNA extraction reliably 
produced high quality gDNA. 4/54 sites produced detectable 390 base pair amplicons of 
the E. chaffeensis specific 16s ribosomal RNA gene (Fig. 3). The four sites were: 
Colonial National Park Service 15 (CNPS_15), Freedom Park 5 (FP_5), Sandy Point 
State Forest 6 (SPSF_6), and York River State Park 2 (YRSP_2). As Ehrlichia 
chaffeensis is an obligate intercellular parasite it can only be passed to humans through a 
LST vector. Therefore, sites without LSTs do not represent a contraction risk to humans. 
To account for this, I calculated a prevalence that included the sites where there were no 
nymph ticks collected to represent the risk of contracting the bacteria to humans. This 
“inclusive prevalence” was 5.33%. To represent the true level of E. chaffeensis per DNA 
extraction I also calculated an “exclusive prevalence” of only sites where nymphs were 
collected. This calculation was 7.41%. In 2012, all 81 of the sites where nymph ticks 
were collected produced detectable 454 base pair amplicons of the 16S tick ribosomal 
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RNA gene. 4/81 sites produced detectable 390 base pair amplicons of the E. chaffeensis 
specific 16s ribosomal RNA gene. The four sites were Newport News Park 18 (NNP_18), 
Newport News Park 23 (NNP_23,) William & Mary 12 (WAM_12), and New Quarter 
Park 4 (NQP_4). The inclusive prevalence was 3.67% and the exclusive prevalence was 
4.94% (Table 3).  
 
Variable Selection 
Site-based variables - Deer pellet density was estimated using a half-normal function 
with the cosine expansion and including all observation up to 210 cm from the transect 
binned in 15 cm intervals.  This resulted in an excellent model fit (GOF =4.65, p = 0.86) 
with density estimated to be 6267.6 pellets/ha (95% CI: 4886.8 – 8038.5 pellets/ha) and 
detection probability to be 0.25 (95% CI: 0.23-0.27).  
Ground-feeding bird density was estimated using a half-normal function with the 
cosine expansion and including all observation up to 160 m from the point count location 
binned in 20 m intervals.  This resulted in a non-significant fit (GOF =0.56, p = 0.06) 
with density estimated to be 17.7 individuals/ha (95% CI: 14.7 – 21.3 individuals/ha) and 
detection probability to be 0.17 (95% CI: 0.15-0.20).  
Eastern grey squirrel density was estimated using a half-normal function with 
observations truncated at 43 m from the observer and Beaufort wind scale included as a 
covariate.  This resulted in an excellent model fit (GOF =3.24, p = 0.36) with eastern 
grey squirrel density estimated to be 1.5 individuals/ha (95% CI: 0.8 – 3.1 
individuals/ha). The detection probability was 0.35 (95% CI: 0.18-0.68). 
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Remotely-sensed variables – As mesic oak forest is known to be an important habitat 
component for LSTs and their hosts, the proportion of mesic oak forest cover layers at 
60, 240, 270, 300, and 1600-m are shown in Figs. 4-8 as examples. Similarly, I show 
mesic oak-agriculture edge density at 60, 240, 270, 300, and 1600-m in Fig. 9-13.  
I excluded the following variables to avoid perfect model fit: open salt water at all 
scales, open fresh water at 60, 240, 270, and 300-m, dry oak forest at all scales, maritime 
forest at all scales, developed open space at all scales, low to medium development at 60-
m, swamp at all scales, and agriculture at 60-m, and 240-m scales.   
 
Model Structure - The first Voung’s Closeness Test was conducted on the null model 
only: the dependent variable alone. The was not significant (non-nested hypothesis test 
statistic = -4.27, p < 0.0001), implying that the LST nymph count data fit the theoretical 
distribution of the negative binomial model better than the Poisson distribution. The 
second Voung’s Closeness Test was conducted on the count versus the deer pellet counts. 
This test was again not significant (non-nested hypothesis test statistic = -0.523; p < 
0.0001), implying that the count versus deer pellet model also fit the negative binomial 
model better than the Poisson distribution. 
 
Site-based model - The Spearman Rank Correlation Test on the Site Based data did not 
reveal any correlation. No independent variables were removed. The local model dredge 
identified deer pellets and ground-feeding birds as the most parsimonious set of variables 
to explain the variation in the nymph LST count (Table 4 and Fig. 14).  
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Remotely-sensed model - The results of the preliminary correlation test revealed that 
every scale of the all forest layer correlated with the same scale of each individual forest 
scale. As this revealed that any trend explained by all forest edge densities was addressed 
by the individual forest layers alone, I excluded the all forest edge densities from the rest 
of the analysis. The results of the scale selection are listed in Appendix F.  
The test results from the correlation test on the distance variables indicated that 
there was no correlation between any of the distance variables. Therefore they were all 
carried forward into the data dredge for remotely-sensed data. None of the scale selected 
land cover proportions correlated with each other or with the edge density variables thus 
they were all carried forward into the final model. After the scale selection for the 
remaining edge density variables, the edge density between agricultural and coniferous 
land cover at 1600 m correlated with the edge density between early successional and 
coniferous land cover at 1600-m. As early successional land cover is usually created by 
allowing agricultural land cover to lay fallow, I decided to eliminate the early 
successional and coniferous edge density. The trend explained by the eliminated variable 
is still addressed by the remaining variable, and any land management decisions based on 
the results will apply for agricultural land cover, therefore determining the future shape of 
most early successional lands cover. The edge density between low to medium 
development and coniferous forest at 60 m and developed open space and coniferous 
forest at 60 m correlated. I eliminated the low to medium development and coniferous 
forest because there was overall less low to medium development in the study area 
compared with open developed space. The edge density between agricultural land cover 
and oak forest at 240 m correlated with low to medium development and oak forest at 
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240 m, early successional and oak forest at 240 m, and developed open space and oak 
forest at 240 m. I decided to eliminate early successional forest and oak forest at 240 m 
for the same reason as discussed above. As agricultural edge is the most primary layer of 
the three remaining, I decided to eliminate low to medium development and oak edge, 
and developed open space and oak edge. When interpreting the results of the final model 
it can be assumed that the selected variable of the correlated group represent the whole.  
The model with the lowest AIC value from the remotely-sensed data dredge 
included the edge density of agricultural land cover and oak forest at 240 m, the distance 
to forest at the decay scale of 25 m, the distance to fresh water at the decay scale of 180 
m, the Euclidean distance to roads, early successional land cover proportion at 1600-m 
and mesic oak forest land cover proportion at 300-m (Table 5 and Fig. 15). 
 
Model Averaging - The top 56 models from the combine data dredge had weights that 
added up to 0.95 (Table 6). In the final model, count of ticks related positively to 
proportion of mesic oak forest at 300 m, negatively to the proportion of early 
successional land cover at 1600 m, positively to deer habitat use as determined by deer 
pellet counts, negatively to density of ground feeding birds, negatively to distance to 
forest edge decay distance at 25 m, positively to edge density of agriculture land cover 
and oak land cover at 240 m, positively to Euclidean distance to roads, and negatively to 
decay distance to fresh water at 180 m (Table 7 and Fig. 16).  
 
Spatial Application - The spatially applied averaged model displays that the nymph tick 
counts would be highest in areas with the right combination of land covers for nymph 
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LST and their hosts (Fig. 17) One of the results of the spatially applied model was the 
high levels of predicted nymph LST density in parks and other places where people 
recreate (Figs. 18 and 19.) Contrasted with this trend are the Virginia state forest lands in 
the north range of our study site. These generally were predicted to have low nymph LST 
density (Fig. 20). The one state forest site with medium predicted nymph LST density 
was in Sandy Point State Forest, one of the 8 sites where E. chaffeensis was found during 
the molecular analysis (Fig. 21). 
 
DISCUSSION 
 
The literature makes clear that E. chaffeensis bacteria is likely to increase in 
prevalence over the next thirty years as LST and white-tailed deer populations grow and 
expand (Childs & Paddock, 2002, Goddard & Varela-Stokes, 2008). The results of my 
study provide a tool to potentially address that issue. The final model for nymph LST 
counts indicated that the most important habitat factor to predict high counts of nymph 
LST was the amount of damp oak forest. This result most likely indicates the overlap in 
niche for the common LST host, white-tailed deer (Smith, 1991) and the importance of 
humid forest with vegetated under-stories for nymph LSTs (Hair & Howell, 1970). This 
environment would allow the proper mixing of host species and non-desiccating 
environment (Childs & Paddock, 2002, Kaufman, 2009) The averaged beta value of 
damp oak forests indicates the importance of this habitat. The next important variable 
was the amount of early successional land cover. Although LST hosts like white-tailed 
deer might use early successional land cover to graze (McShea et al., 1997, Long et al, 
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2005, Long et al., 2010), nymph LSTs that detached in this habitat would be at a high risk 
for desiccation (Kaufman, 2009). Deer in this land cover might also be under greater 
hunting pressure (Sage et al., 1983). This explains why there would be fewer questing 
ticks in this land cover type and the negative relationship between this land cover type 
and nymph LSTs. 
Deer habitat use also emerged as an important predictive variable of high nymph 
LST count. The white-tailed deer is already known as an important host for the LST 
(Reisen, 2010, Wimberly et al., 2008, Childs & Paddock, 2002), and this model further 
emphasizes this relationship. Though Virginia has already adopted a management 
program to control white-tailed deer populations (VDGIF, 2007), culling methods like 
deer hunting are not allowed in most protected lands (Department of Conservation and 
Recreation, 2012). Though there are many ecological and public safety factors to 
consider, this model suggests that hunting or other methods by which to control deer 
populations may be important methods to control LST populations and therefore lessen 
the health risk that ticks present to humans.  
Another interesting ecological interaction revealed by my study is that there was a 
negative relationship between ground-feeding bird density and nymph LSTs. It is well 
documented that ground-feeding birds play a role in suppressing some tick populations 
(Samish & Rehacek, 1999). Though their importance is thought to vary based on species 
and habitat type (Addison, et al., 1989, Milne, 1950, Mwangi, 1991, Petney, 1993, 
Petrischeva, 1949), the results of this model indicate that ground-feeding birds could 
potentially be predators of nymph LSTs. This has implications for ground-feeding bird 
conservation as birds may be a key natural culling mechanism for growing nymph LST 
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populations (Samish & Rehacek, 1999) and provides more evidence for the idea that 
preserving diversity in local bird populations may be an important way to protect humans 
from zoonotic disease (Swaddle & Calos, 2008).  
The biologically scaled distance to forest edge was the next most important 
variable in predicting nymph LST counts. This negatively related variable indicates that 
nymph LSTs are not likely to be found close to the edge of a forest patch most likely 
because of the high risk of desiccation outside tree cover (Kaufman, 2009, Hair & 
Howell, 1970). However, the edge density between agricultural and oak forest at 240m, 
emerged as a positive predictor of LST nymph density, indicating most likely that though 
nymph LSTs are not likely to thrive close to the immediate edge of the forest, small 
patches of forest with high edge density are likely to be ideal mixing ground for nymph 
LST hosts and the kind of moist ground cover necessary for nymph survival (Ginsberg et 
al., 1991, Gubler et al., 2001, McCabe & McCabe, 1997, Mungo et al., 2012, Long et al., 
2005, Long et al., 2010). Also important to note is that the Spearman Rank Correlation 
Test conducted on the edge density variables indicated that there was a strong correlation 
between agricultural and oak forest, early successional land cover and oak forest, low to 
medium development and oak forest, and open development and oak forest, all at 240-m. 
To account for the trend explained by these correlated variables, I chose to carry through 
the agricultural and oak forest edge density. It is crucial to recognize that this variable 
represents all oak forest edge.  
Also related to forest edge and distance to anthropogenic features is the Euclidean 
distance to roads. This variable emerged as positively related to nymph tick counts, 
meaning that as the measurable distance from the site to the nearest road increases, the 
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likelihood of finding high numbers of nymph LSTs also increases. However, the standard 
deviation for this variable was higher than the average slope suggesting that it was not a 
reliably strong predictive variable. This deviation makes sense as some studies have 
found that relative deer abundance actually increased with paved road density (Mungo et 
al., 2012, Long et al., 2005, Long et al., 2010), which most likely would have made the 
Euclidean distance from roads a negative predictor.  
The final variable in the averaged model is the decay distance to fresh water at the 
180-m scale. As the areas directly around fresh water land cover are likely to flood after 
rain, (Yabsley et al., 2005) if hosts are less likely to enter flooded habitat it is possible 
that flooding negatively affects nymph questing success. However, like the Euclidean 
distance to roads, the standard deviation for this variable was higher than the averaged 
slope indicating that it was not a reliably strong predictor. This deviation makes sense as 
nymph LSTs are known to survive for up to 19 weeks in water (Koch, 1986), indicating 
that they might be capable of living through a flood then beginning to quest again as 
hosts re-enter the drying habitat. 
The last four variables discussed all describe the tension between the negative 
relationship between LST nymph counts and distance of sites to the features like forest 
edge and the positive relationship between oak forest edge density and LST nymph 
counts. This tension is important to unravel as it has large implications for land 
management decisions. This model indicates that although the edges of forests 
themselves are not likely places to encounter nymph LSTs, the forest land cover inside 
the edge is ideal nymph tick habitat. The literature reflects this idea. According to several 
researchers, as the forests in the Virginia Peninsula are developed and forest patch sizes 
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shrink the growing populations of nymph LSTs (Ginsberg et al., 1991) are likely to 
become more concentrated in small forest patches (Gubler et al., 2001). As white-tailed 
deer populations are also growing (McCabe & McCabe, 1997), and thrive in fragmented 
forest (Mungo et al., 2012, Long et al., 2005, Long et al., 2010), it is likely that they too 
will occur in small forest patches. These factors could combine to greatly increase nymph 
LST populations. Although these trends will be difficult to avoid completely, minimizing 
the edges of the forest patches humans create through development could be a useful 
management option (Fig. 23).  
The factors discussed above all combine to explain what I call the “park 
problem,” which I will review here. The model indicated that high tick density was likely 
to occur in local and regional parks where deer hunting is prohibited (Fig. 18, 19, 20, and 
22.) This is not surprising, as these areas tend to be small, heavily fragmented deciduous 
forests with high edge densities (Brownstein et al., 2005). Further, literature indicates that 
white-tailed deer tend to thrive in these same types of fragmented forests (Mungo et al., 
2012, Long et al., 2005, Long et al., 2010). The “park problem” comes into play in that 
these same tick and deer dense land patches are often the only recreational land available 
to human residents in otherwise urbanized regions (Fig. 19, Fig. 22). Further, humans are 
most likely to use these recreational areas in the summer months. This is likely to result 
in the largest populations of humans entering high tick and deer dense land patches at the 
time of year when nymph LST populations peak (Goddard, 2007). In this way parks may 
serve as ideal mixing ground for nymph LST vectors, white-tailed deer reservoir hosts, 
and human recipient hosts, creating ideal conditions for the emergence of zoonotic 
disease (Reisen, 2010, Fig. 1). 
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 My study determined that Ehrlichia chaffeensis bacteria DNA was present in 
nymph LSTs at 8 sites on the Virginia Peninsula (Fig. 23). This indicates that there is 
evidence that people living in the study area are at some risk for contracting this disease 
if bitten by an infected tick. Though this prevelance was too low to build a unique model, 
it indicates the importance of investigating the risk factors of E. chaffeensis spread before 
it becomes a major health concern (Kovats et al., 2001). The results of this analysis 
indicate that in looking to make informed decisions about how to minimize the effects of 
this pathogen, managing deer and nymph LST makes good ecological sense. The results 
of this model may provide a starting point for bio-informed land management of nymph 
LSTs in order to minimize their populations growth and therefore the risk they pose to 
human health.  
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FIGURES 
 
 
 
 
 
 
 
 
Figure 1: The best location for Zoonotic Diseases to amplify and spread is the interface between 
the habitats of vectors, reservoirs, and recipient species. This model looks to identify the 
landscape level variables that predict the overlap of these three requirements. 
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Figure 2: The reclassified study area showing the 14 new land covers describing relevant habitat 
variables to LSTs and the spatial distribution of the 101 study sites. 
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Figure 3: Example of the PCR results for six sites, Colonial National Park Service 20, 22, and 23 
(CNPS_20,22,23) and York River State Park 2, 3, and 4 (YRSP_2,3,4). The top row displays 
amplicons of the 454 base tick 16S rRNA gene confirming that each DNA extraction was 
successful. The bottom row displays amplicons of the 390 base pair E. chaffeensis specific 16S 
rRNA gene. The first column top row shows the negative control run for the tick amplicon, 
substituting double distilled water for gDNA. The first column bottom row shows the positive 
control run for the E. chaffensis PCR protocol. Each column represents the sites listed above in 
order. Site 4, York River State Park 2, displays a detectable amplicon at 390 base pairs, and is 
therefore positive for E. chaffeensis DNA. 
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Figure 4: The proportion of mesic oak land cover at the 60-m scale. The black areas indicate 
land cover with 0% mesic oak land cover in a 60-m circle around the center of the 30 m cell while 
the white areas indicate land cover that is 100% mesic land cover in a 60-m circle around the 
center of the 30 m cell. 
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Figure 5: The proportion of mesic oak land cover at the 240-m scale. The black areas indicate 
land cover with 0% mesic oak land cover in a 240-m circle around the center of the 30 m cell 
while the white areas indicate land cover that is 100% mesic land cover in a 240 m circle around 
the center of the 30 m cell. 
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Figure 6: The proportion of mesic oak land cover at the 270-m scale. The black areas indicate 
land cover with 0% mesic oak land cover in a 270-m circle around the center of the 30 m cell 
while the white areas indicate land cover that is 100% mesic land cover in a 270-m circle around 
the center of the 30 m cell. 
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Figure 7: The proportion of mesic oak land cover at the 300-m scale. The black areas indicate 
land cover with 0% mesic oak land cover in a 300-m circle around the center of the 30 m cell 
while the white areas indicate land cover that is 100% mesic land cover in a 300-m circle around 
the center of the 30 m cell. 
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Figure 8: The proportion of mesic oak land cover at the 1600-m scale. The black areas indicate 
land cover with 0% mesic oak land cover in a 1600-m circle around the center of the 30 m cell 
while the white areas indicate land cover that is 100% mesic land cover in a 1600-m circle around 
the center of the 30 m cell. 
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Figure 9: The proportion of edge density of agricultural and oak land covers at the 60m scale. 
The white areas indicate land cover with no edge between agricultural land cover and mesic oak 
land cover in a 60-m circle around the center of the 30 m cell while the black areas indicate land 
cover that is at the highest density for edge between agricultural and mesic land cover in a 60-m 
circle around the center of the 30 m cell. 
 
 
 
 58 
 
Figure 10: The proportion of edge density of agricultural and oak land covers at the 240-m scale. 
The black areas indicate land cover with no edge between agricultural land cover and mesic oak 
land cover in a 240-m circle around the center of the 30 m cell while the white areas indicate land 
cover that is at the highest density for edge between agricultural and mesic land cover in a 240-m 
circle around the center of the 30 m cell. 
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Figure 11: The proportion of edge density of agricultural and oak land covers at the 270-m scale. 
The black areas indicate land cover with no edge between agricultural land cover and mesic oak 
land cover in a 270-m circle around the center of the 30 m cell while the white areas indicate land 
cover that is at the highest density for edge between agricultural and mesic land cover in a 270-m 
circle around the center of the 30 m cell. 
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Figure 12: The proportion of edge density of agricultural and oak land covers at the 300-m scale. 
The black areas indicate land cover with no edge between agricultural land cover and mesic oak 
land cover in a 300-m circle around the center of the 30 m cell while the white areas indicate land 
cover that is at the highest density for edge between agricultural and mesic land cover in a 300-m 
circle around the center of the 30 m cell.     
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Figure 13: The proportion of edge density of agricultural and oak land covers at the 1600-m 
scale. The black areas indicate land cover with no edge between agricultural land cover and 
mesic oak land cover in a 1600-m circle around the center of the 30 m cell while the white areas 
indicate land cover that is at the highest density for edge between agricultural and mesic land 
cover in a 1600-m circle around the center of the 30 m cell. 
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Figure 14: Site based data dredge top model. Red bars indicate negative beta values. These 
variables are negatively related with nymph LST counts. Blue bars indicate positive beta values. 
These variables are positively related with nymph LST counts.  
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Figure 15: Remotely-sensed data dredge top model. Red bars indicate negative beta values. 
These variables are negatively related with nymph LST counts. Blue bars indicate positive beta 
values. These variables are positively related with nymph LST counts.   
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Figure 16: Combined model averaged beta values. Averaged beta values are calculated by 
multiplying each variable’s beta value by the weight of the individual model then summing the 
products. The standard deviation of each variable is included after each averaged beta value.  
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Figure 17: The spatially applied model for nymph LST count. This map applies the model 
averaged beta values shown in Fig. 16. As discussed, this model shows only the remotely-
sensed variables. The red areas on the map indicate predicted areas of high nymph LST counts. 
The blue areas indicate predicted areas of low nymph LST counts 
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Figure 18: The spatially applied model for nymph LST count with local, regional, state, and 
national parks outlined. This map highlights the high-predicted numbers of nymph LSTs in the 
parks and places where people recreate.  
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Figure 19: The spatially applied model for nymph LST count with local, regional, state, and 
national parks outlined. This map highlights the high-predicted numbers of nymph LSTs in the 
College Woods at the College of William & Mary, and surrounding areas. 
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Figure 20: The spatially applied model for nymph LST count with local, regional, state, and 
national parks outlined. This map highlights the low predicted numbers of nymph LSTs in Virginia 
State Parks, where the forests are managed for deer. 
Parks 
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Figure 21: The eight locations in the Virginia Peninsula where E. chaffeensis DNA was found in 
2010: Colonial National Park Service 15 (CNPS_15), Freedom Park 5 (FP_5), Sandy Point State 
Forest 6 (SPSF_6), and York River State Park 2 (YRSP_2) and 2012 Newport News Park 18 
(NNP_18), Newport News Park 23 (NNP_23,) William & Mary 12 (WAM_12), and New Quarter 
Park 4 (NQP_4).  Sites where E. chaffeensis DNA was found are indicated in red. 
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Figure 22: The eight locations in the Virginia Peninsula where E. chaffeensis DNA was found in 
2010: Colonial National Park Service 15 (CNPS_15), Freedom Park 5 (FP_5), Sandy Point State 
Forest 6 (SPSF_6), and York River State Park 2 (YRSP_2) and 2012 Newport News Park 18 
(NNP_18), Newport News Park 23 (NNP_23,) William & Mary 12 (WAM_12), and New Quarter 
Park 4 (NQP_4).  Sites where E. chaffeensis DNA was found are indicated in black. 
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Figure 23: My proposed model for of the relationship between the distance from the site to 
unsuitable habitat and the edge density surrounding a site and the number of nymph LSTs found. 
It seems that nymphs are not found in the immediate edge (tan) between oak forest (green) and 
unsuitable habitat (grey) but are found in mesic oak land cover within the edge buffer.  This 
schematic shows the predicted difference in nymph LST density in a forest patch with relatively 
low edge density (circle on left) and a forest patch with relatively high edge density (star on right.) 
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TABLES 
 
Table 1: Description of the study area and distribution of study sites across the 
13 land owners used in this analysis. 
Name of Land Landowner Acronym # of Sites 
Colonial National Park 
Service National Park Service CNPS 20 
Colonial Williamsburg  City of Williamsburg CW 5 
Dragon Run State Forest 
Virginia Department of 
Forestry DRSF 13 
Freedom Park James City County FP 7 
Greensprings Trail Park  James City County GT 5 
Meadows Private Meadows 1 
Newport News Park City of Newport News NNP 13 
New Quarter Park  York County NQP 5 
Sandy Bottom City of Hampton SB 3 
Sandy Point State Forest  Virginia Dept. of Forestry SPSF 6 
College of William & Mary  College of William & Mary  WAM 14 
Waller Mill Park  City of Williamsburg WM 5 
York River State Park State of Virginia YRSP 4 
 
 
 
 
 
 
Table 2: Total number of adult and nymph LSTs collected in 2010 and 2012 and 
the total number of adults versus nymphs collected in total. 
Total 
Adults 
2010 
Total 
Nymphs 
2010 
Total 
Adults 
2012 
Total 
Nymphs 
2012 
Total 
Adults 
Combined 
Total 
Nymphs 
Combined 
95 1842 67 1306 162 3148 
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Table 3: Extraction and PCR results from 2010 and 2012. Inclusive Prevalence 
is calculated including the sites where LST nymphs were not collected. Exclusive 
prevalence is calculated using only the sites where >1 LST nymph was collected. 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Site based data dredge. Deer pellets and ground feeding birds were 
calculated to be the most parsimonious set of variables to explain the variation in 
the nymph LST count. The top 6 models are included as their delta AICc is less 
than or equal to 4. 
Intercept 
Deer 
pellets 
Ground 
feeding 
birds 
Squirrel 
density 
Stilt grass 
percent 
cover 
Deer and 
stilt grass 
interaction  
Degrees 
of 
Freedom AICc 
Delta from 
top AICc 
Model 
Weight 
2.59 0.53 -0.27 NA NA NA 4 726.96 0 0.34 
2.62 0.49 NA NA NA NA 3 728.46 1.50 0.16 
2.59 0.54 -0.26 -0.05 NA NA 5 729.05 2.09 0.12 
2.59 0.52 -0.27 NA 0.03 NA 5 729.12 2.16 0.11 
2.62 0.50 NA -0.10 NA NA 4 730.18 3.22 0.07 
2.63 0.48 NA NA 0.04 NA 4 730.51 3.55 0.06 
 
 
 
Year E. chaf 
DNA 
absent 
E. chaf 
DNA 
present 
Nymph 
LST 
absent 
Total 
sites 
Inclusive 
Prevalence  
Total sites 
with nymphs 
present 
Exclusive 
Prevalence 
2010 50 
sites 
4 sites 21 sites 75 5.33% 54 7.41% 
  CNPS_15      
  FP_5      
  SPSF_6      
  YRSP_2      
2012 77 
sites 
4 sites 28 sites 109 3.67% 81 4.94% 
  NNP_18      
  NNP_23      
  WAM_12      
  NQP_4      
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Table 5: Remotely-sensed data dredge. The model with the lowest AIC value 
from the remotely-sensed data dredge included the edge density of agricultural 
land cover and oak forest at 240 m, the distance to forest at the decay scale of 
25m, the distance to fresh water at the decay scale of 180 m, the Euclidean 
distance to roads, early successional land cover proportion at 1600 m and mesic 
oak forest land cover proportion at 300m. The top 4 models are included as their 
delta AICc is less than or equal to 4. 
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2.39 NA 0.32 NA -0.36 -0.21 0.25 -0.60 0.36 8 711.92 0 0.01 
2.40 NA 0.31 NA -0.38 NA 0.23 -0.57 0.40 7 712.06 0.14 0.01 
2.36 NA 0.31 -0.29 -0.43 -0.22 0.26 -0.51 0.26 9 712.25 0.33 0.01 
2.36 -0.27 0.29 -0.48 -0.54 -0.30 0.30 -0.51 NA 9 712.30 0.38 0.01 
 
 
 
 
Table 6: Combined site-based and remotely-sensed data dredge. The model 
with the lowest AIC value from the remotely-sensed data dredge included the 
edge density of agricultural land cover and oak forest at 240 m, the distance to 
forest at the decay scale of 25 m, the distance to fresh water at the decay scale 
of 180 m, the Euclidean distance to roads, early successional land cover 
proportion at 1600 m and mesic oak forest land cover proportion at 300 m. The 
top 56 models are included as these model weights add up to 0.95 
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2.36	   NA	   0.42	   -­‐0.38	   NA	   NA	   -­‐0.36	   -­‐0.33	   0.46	   7	   705.03	   0	   1.31E-­‐01	  
2.34	   0.20	   0.38	   -­‐0.38	   NA	   NA	   -­‐0.42	   -­‐0.32	   0.47	   8	   705.10	   0.07	   1.27E-­‐01	  
2.39	   NA	   0.41	   NA	   NA	   NA	   -­‐0.36	   -­‐0.39	   0.52	   6	   706.18	   1.14	   7.39E-­‐02	  
2.37	   0.19	   0.38	   NA	   NA	   NA	   -­‐0.42	   -­‐0.37	   0.53	   7	   706.30	   1.26	   6.96E-­‐02	  
2.36	   0.21	   0.37	   -­‐0.35	   NA	   0.08	   -­‐0.44	   -­‐0.29	   0.45	   9	   707.19	   2.15	   4.46E-­‐02	  
2.36	   NA	   0.41	   -­‐0.36	   NA	   0.05	   -­‐0.38	   -­‐0.32	   0.45	   8	   707.29	   2.26	   4.23E-­‐02	  
2.36	   NA	   0.41	   -­‐0.38	   -­‐0.02	   NA	   -­‐0.37	   -­‐0.33	   0.46	   8	   707.38	   2.34	   4.06E-­‐02	  
2.34	   0.20	   0.37	   -­‐0.38	   -­‐0.03	   NA	   -­‐0.42	   -­‐0.31	   0.47	   9	   707.45	   2.42	   3.91E-­‐02	  
2.37	   0.21	   0.36	   NA	   NA	   0.13	   -­‐0.46	   -­‐0.33	   0.50	   8	   707.80	   2.76	   3.29E-­‐02	  
2.39	   NA	   0.40	   NA	   NA	   0.09	   -­‐0.39	   -­‐0.36	   0.50	   7	   708.04	   3.01	   2.91E-­‐02	  
2.39	   NA	   0.41	   NA	   -­‐0.02	   NA	   -­‐0.36	   -­‐0.38	   0.52	   7	   708.4754	   3.44	   2.34E-­‐02	  
2.37	   0.22	   0.35	   -­‐0.50	   NA	   NA	   -­‐0.39	   NA	   0.42	   7	   708.5871	   3.55	   2.22E-­‐02	  
2.37	   0.20	   0.37	   NA	   -­‐0.03	   NA	   -­‐0.422	   -­‐0.36	   0.52	   8	   708.6071	   3.57	   2.19E-­‐02	  
2.40	   NA	   0.39	   -­‐0.52	   NA	   NA	   -­‐0.32	   NA	   0.40	   6	   709.0855	   4.05	   1.73E-­‐02	  
2.41	   NA	   0.51	   -­‐0.38	   NA	   NA	   NA	   -­‐0.29	   0.52	   6	   709.2171	   4.18	   1.62E-­‐02	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2.37	   0.25	   0.31	   -­‐0.43	   NA	   0.17	   -­‐0.45	   NA	   0.39	   8	   709.4307	   4.40	   1.45E-­‐02	  
2.34	   0.22	   0.35	   -­‐0.35	   -­‐0.06	   0.10	   -­‐0.46	   -­‐0.28	   0.44	   10	   709.4699	   4.43	   1.42E-­‐02	  
2.36	   NA	   0.40	   -­‐0.36	   -­‐0.03	   0.06	   -­‐0.39	   -­‐0.31	   0.44	   9	   709.6422	   4.61	   1.31E-­‐02	  
2.36	   0.22	   0.34	   NA	   -­‐0.07	   0.15	   -­‐0.48	   -­‐0.30	   0.47	   9	   709.946	   4.91	   1.12E-­‐02	  
2.44	   NA	   0.49	   NA	   NA	   NA	   NA	   -­‐0.35	   0.58	   5	   710.2728	   5.24	   9.54E-­‐03	  
2.39	   NA	   0.39	   NA	   -­‐0.04	   0.11	   -­‐0.40	   -­‐0.34	   0.48	   8	   710.2909	   5.26	   9.45E-­‐03	  
2.39	   NA	   0.36	   -­‐0.45	   NA	   0.13	   -­‐0.36	   NA	   0.37	   7	   710.4473	   5.41	   8.74E-­‐03	  
2.37	   0.23	   0.33	   -­‐0.50	   -­‐0.09	   NA	   -­‐0.41	   NA	   0.41	   8	   710.46	   5.43	   8.67E-­‐03	  
2.39	   0.27	   NA	   -­‐0.38	   NA	   NA	   -­‐0.54	   -­‐0.28	   0.52	   7	   710.62	   5.58	   8.03E-­‐03	  
2.36	   0.26	   0.27	   -­‐0.40	   -­‐0.14	   0.20	   -­‐0.49	   NA	   0.36	   9	   710.81	   5.78	   7.28E-­‐03	  
2.41	   0.10	   0.49	   -­‐0.39	   NA	   NA	   NA	   -­‐0.28	   0.53	   7	   711.00	   5.96	   6.66E-­‐03	  
2.39	   NA	   0.37	   -­‐0.51	   -­‐0.08	   NA	   -­‐0.34	   NA	   0.39	   7	   711.06	   6.02	   6.45E-­‐03	  
2.41	   0.26	   0.28	   NA	   NA	   0.24	   -­‐0.47	   NA	   0.42	   7	   711.28	   6.24	   5.78E-­‐03	  
2.41	   NA	   0.52	   -­‐0.38	   0.04	   NA	   NA	   -­‐0.30	   0.53	   7	   711.40	   6.37	   5.43E-­‐03	  
2.41	   NA	   0.51	   -­‐0.40	   NA	   -­‐0.04	   NA	   -­‐0.31	   0.53	   7	   711.43	   6.39	   5.35E-­‐03	  
2.44	   NA	   0.48	   -­‐0.50	   NA	   NA	   NA	   NA	   0.46	   5	   711.73	   6.70	   4.61E-­‐03	  
2.39	   0.29	   NA	   -­‐0.34	   NA	   0.151	   -­‐0.58	   -­‐0.22	   0.47	   8	   711.74	   6.71	   4.57E-­‐03	  
2.43	   0.26	   NA	   NA	   NA	   NA	   -­‐0.528	   -­‐0.33	   0.58	   6	   711.75	   6.72	   4.56E-­‐03	  
2.39	   0.32	   NA	   -­‐0.36	   -­‐0.21	   0.25	   -­‐0.60	   NA	   0.36	   8	   711.92	   6.88	   4.19E-­‐03	  
2.39	   0.28	   NA	   -­‐0.38	   -­‐0.13	   NA	   -­‐0.55	   -­‐0.26	   0.49	   8	   711.94	   6.90	   4.15E-­‐03	  
2.42	   NA	   NA	   -­‐0.38	   NA	   NA	   -­‐0.48	   -­‐0.31	   0.52	   6	   712.03	   7.00	   3.96E-­‐03	  
2.39	   NA	   0.33	   -­‐0.43	   -­‐0.12	   0.16	   -­‐0.40	   NA	   0.35	   8	   712.04	   7.00	   3.95E-­‐03	  
2.40	   0.31	   NA	   -­‐0.38	   NA	   0.23	   -­‐0.57	   NA	   0.40	   7	   712.06	   7.02	   3.90E-­‐03	  
2.44	   0.09	   0.48	   NA	   NA	   NA	   NA	   -­‐0.34	   0.59	   6	   712.06	   7.03	   3.89E-­‐03	  
2.41	   0.28	   NA	   NA	   NA	   0.19	   -­‐0.58	   -­‐0.25	   0.50	   7	   712.09	   7.06	   3.84E-­‐03	  
2.40	   0.27	   0.24	   NA	   -­‐0.16	   0.27	   -­‐0.52	   NA	   0.39	   8	   712.17	   7.13	   3.69E-­‐03	  
2.43	   0.23	   0.33	   NA	   NA	   NA	   -­‐0.38	   NA	   0.48	   6	   712.25	   7.22	   3.54E-­‐03	  
2.44	   NA	   0.51	   NA	   0.05	   NA	   NA	   -­‐0.36	   0.5	   6	   712.38	   7.34	   3.33E-­‐03	  
2.44	   NA	   0.49	   NA	   NA	   0.00	   NA	   -­‐0.35	   0.58	   6	   712.53	   7.50	   3.08E-­‐03	  
2.38	   0.30	   NA	   -­‐0.33	   -­‐0.17	   0.18	   -­‐0.60	   -­‐0.18	   0.42	   9	   712.56	   7.53	   3.04E-­‐03	  
2.42	   0.32	   NA	   NA	   -­‐0.23	   0.31	   -­‐0.61	   NA	   0.38	   7	   712.65	   7.62	   2.90E-­‐03	  
2.40	   0.29	   NA	   NA	   -­‐0.18	   0.23	   -­‐0.61	   -­‐0.21	   0.45	   8	   712.75	   7.71	   2.77E-­‐03	  
2.44	   NA	   0.33	   NA	   NA	   0.21	   -­‐0.38	   NA	   0.41	   6	   712.76	   7.72	   2.75E-­‐03	  
2.46	   NA	   0.37	   NA	   NA	   NA	   -­‐0.31	   NA	   0.47	   5	   712.90	   7.87	   2.56E-­‐03	  
2.46	   NA	   NA	   NA	   NA	   NA	   -­‐0.47	   -­‐0.35	   0.58	   5	   712.99	   7.96	   2.45E-­‐03	  
2.44	   0.13	   0.46	   -­‐0.50	   NA	   NA	   NA	   NA	   0.48	   6	   713.08	   8.04	   2.35E-­‐03	  
2.42	   0.26	   NA	   NA	   -­‐0.13	   NA	   -­‐0.54	   -­‐0.31	   0.55	   7	   713.09	   8.06	   2.33E-­‐03	  
2.44	   0.31	   NA	   NA	   NA	   0.29	   -­‐0.57	   NA	   0.43	   6	   713.17	   8.14	   2.24E-­‐03	  
2.43	   0.30	   NA	   -­‐0.49	   NA	   NA	   -­‐0.51	   NA	   0.47	   6	   713.19	   8.15	   2.22E-­‐03	  
2.41	   0.10	   0.51	   -­‐0.38	   0.04	   NA	   NA	   -­‐0.30	   0.54	   8	   713.24	   8.21	   2.16E-­‐03	  
2.41	   0.10	   0.50	   -­‐0.40	   NA	   -­‐0.04	   NA	   -­‐0.30	   0.54	   8	   713.27	   8.24	   2.13E-­‐03	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Table 7: Combined site-based and remotely-sensed final averaged model. The 
independent variable names are listed vertically and the averaged slopes (± 
standard deviation) are listed horizontally.  
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0.10	   0.35	   -­‐0.24	   -­‐0.01	   0.032	   -­‐0.36	   -­‐0.30	   0.45	  
+/-­‐0.06	   +/-­‐0.11	   +/-­‐0.11	   +/-­‐0.03	   +/-­‐0.04	   +/-­‐0.134	   +/-­‐0.12	   +/-­‐0.13	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APPENDIX A: 
 
LST Tick DNA Extraction 
 
1) Use Qiagen DNeasy Tissue kit for extraction 
2) Combine up to 20 nymph ticks in a a 1.5 mL µ-fuge tube  
3) Add 100µL of 1mm glass beads  
4) Beat beat at 5000RPM for 60-90s 
5) Add ATL buffer and proteinase K  
6) Pour entire contents into spin column tubes and continue with Qiagen Dneasy kit 
directions 
7) Elute with 100µL AE buffer 
8) Can nanodrop to determine if reach concentration of 100ng/µL 
 
PCR for Ehrlichia chaffeensis: 
 
*Perform in a different area than extraction to avoid contamination 
**Always run an E. chaffeensis control (currently 1:100 but you could dilute it to 1:1000) 
 
HE1: 5’- CAATTGCTTATAACCTTTTGGTTATAAAT-3’ 
HE3: 5’-TATAGGTACCGTCATTATCTTCCCTAT-3’ 
390 bps 
 
1) Dilute HE1 & HE3 primers 1:10 to create a concentration 10µM  
2) In PCR tubes combine  
a. 10 µL 2X EconoTaq PLUS 
b. 0.8 µL (10µM) forward primer HEI 
c. 0.8 µL (10µM) reverse primer HE3 
d. 3.4 µL dd H20 
e. 5.0 µL DNA sample 
3) Mix and place in PCR machine for the following cycle 
a. 94 for 1:00 
55 for 2:00 
72 for 1:30 
(3x) 
 
94 for 0:30 
55 for 0:35 
72 for 0:40 
(37x) 
 
72 for 7:00 
 
 
PCR for Amblyomma americanum: 
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16S+1: 5’-CTGCTCAATGATTTTTTAAATTGCTGT-3’ 
16S-1: 5’-GTCTGAACTCAGATCAAGT-3’ 
 450 bps 
 
1) Dilute 16S+ & 16S- primers 1:10 to create a concentration 10µM  
2) In PCR tubes combine  
a. 10 µL 2X EconoTaq PLUS 
b. 0.8 µL (10µM) forward primer 16S+ 
c. 0.8 µL (10µM) reverse primer 16S- 
d. 3.4 µL dd H20 
e. 3-5.0 µL DNA sample 
3) Mix and place in PCR machine for the following cycle 
95 for 4:00 
  
95 for 1:00 
50 for 1:00 
68 for 1:00 
(35x) 
  
68 for 10:00 
 
Gel Electrophoresis: 
 
1) To a 250ml flask add 100ml 1XTBE 
2) Add 1 g Agarose and swirl to mix 
3) Microwave 1 minute to dissolve Agarose 
4) Add 5 µL [10mg/ml] per 100ml gel & swirl 
5) Fill gel box tray with solution without making bubbles 
6) Let sit for 45 minutes 
7) Load 8-10 µL sample into gel & run gel at constant 500 mAmps and 120V for 
about 25-30minutes 
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APPENDIX B 
 
Beauford Scale for Crown Wind Speed: 
0 = Calm [<1mi//h], smoke rises vertically 
1 = light air [1-3 mi/h] smoke drifts, weather vane inactive 
2 = light breeze [4-7 mi/h] leaves rustle, can feel wind on face 
3 = gentle breeze [8-12 mi/h] leaves and twigs move around, small flags extend 
4 = moderate breeze [13-18 mi/h] moves thin branches, raises loose papers; 
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APPENDIX C 
 
Reclassification Scheme: The reclassification scheme used to determine 14 
land cover types relevant to LST habitat. The left column lists the land cover 
types outlined by the Southeast Gap Analysis Project, the right column lists the 
reclassified land cover types. 
Original Land cover Classification Reclassified Land cover  
High Intensity Developed Unsuitable habitat 
Atlantic Coastal Plain Sea Island Beach Unsuitable habitat 
Atlantic Coastal Plain Southern Beach Unsuitable habitat 
Bare Sand Unsuitable habitat 
Bare Soil Unsuitable habitat 
Quarry/Strip Mine/Gravel Pit Unsuitable habitat 
Southern Appalachian Granitic Dome Unsuitable habitat 
North-Central Appalachian Acidic Cliff and 
Talus Unsuitable habitat 
North-Central Appalachian Circumneutral 
Cliff and Talus Unsuitable habitat 
Southern Piedmont Cliff Unsuitable habitat 
Unconsolidated Shore (Lake/River/Pond) Unsuitable habitat 
Atlantic Coastal Plain Northern Dune and 
Maritime Grassland Unsuitable habitat 
Atlantic Coastal Plain Southern Dune and 
Maritime Grassland Unsuitable habitat 
Open Water (Brackish/Salt) Open salt water 
Low Intensity Developed Low-medium development 
Medium Intensity Developed Low-medium development 
Northeastern Interior Dry Oak Forest-
Hardwood Modifier Dry oak forest 
Southern and Central Appalachian Oak 
Forest Dry oak forest 
Southern Piedmont Dry Oak-(Pine) Forest – 
Hardwood Modifier Dry oak forest 
Northeastern Interior Dry Oak Forest – 
Virginia/Pitch Pine Modifier Dry oak forest 
Southern Piedmont Dry Oak-(Pine) Forest – 
Loblolly Pine Modifier Dry oak forest 
Central Appalachian Oak and Pine Forest Dry oak forest 
Northeastern Interior Dry Oak Forest – 
Mixed Modifier Dry oak forest 
Southern Piedmont Dry Oak-(Pine) Forest – 
Mixed Modifier Dry oak forest 
Southern Piedmont Dry Oak-Heath Forest – 
Mixed Modifier Dry oak forest 
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Atlantic Coastal Plain Dry and Dry-Mesic 
Oak Forest Mesic oak forest 
Atlantic Coastal Plain Mesic Hardwood and 
Mixed Forest Mesic oak forest 
Southern and Central Appalachian Cove 
Forest Mesic oak forest 
Southern Piedmont Mesic Forest Mesic oak forest 
Evergreen Plantations or Managed Pine (can 
include dense successional regrowth) Coniferous forest 
Southern Appalachian Low Mountain Pine 
Forest Coniferous forest 
Atlantic Coastal Plain Upland Longleaf Pine 
Woodland Coniferous forest 
Appalachian Hemlock-Hardwood Forest Coniferous forest 
Atlantic Coastal Plain Central Maritime 
Forest Maritime forest 
Atlantic Coastal Plain Northern Maritime 
Forest Maritime forest 
Successional Shrub/Scrub (Clear Cut) Early successional 
Successional Shrub/Scrub (Other) Early successional 
Clearcut – Grassland/Herbaceous Early successional 
Other – Herbaceous Early successional 
Utility Swath – Herbaceous Early successional 
Atlantic Coastal Plain Blackwater Stream 
Floodplain Forest – Forest Modifier Riparian floodplain 
Atlantic Coastal Plain Brownwater Stream 
Floodplain Forest Riparian floodplain 
Atlantic Coastal Plain Small Blackwater 
River Floodplain Forest Riparian floodplain 
Atlantic Coastal Plain Small Brownwater 
River Floodplain Forest Riparian floodplain 
Central Appalachian Floodplain – Forest 
Modifier Riparian floodplain 
Central Appalachian Riparian – Forest 
Modifier Riparian floodplain 
Southern Piedmont Large Floodplain Forest 
– Forest Modifier Riparian floodplain 
Southern Piedmont Small Floodplain and 
Riparian Forest Riparian floodplain 
Atlantic Coastal Plain Nonriverine Swamp 
and Wet Hardwood Forest  - 
Taxodium/Nyssa Modifier Swamp 
Atlantic Coastal Plain Nonriverine Swamp 
and Wet Hardwood Forest – Oak Dominated 
Modifier Swamp 
Atlantic Coastal Plain Clay-Based Carolina 
Bay Forested Wetland Swamp 
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Atlantic Coastal Plain Northern Basin 
Swamp and Wet Hardwood Forest Swamp 
Atlantic Coastal Plain Peatland Pocosin Swamp 
Southern Piedmont/Ridge and Valley Upland 
Depression Swamp Swamp 
Central Atlantic Coastal Plain Wet Longleaf 
Pine Savanna and Flatwoods Swamp 
Atlantic Coastal Plain Northern Tidal 
Wooded Swamp Swamp 
Atlantic Coastal Plain Southern Tidal 
Wooded Swamp Swamp 
Pasture/Hay Agriculture 
Row Crop Agriculture 
Atlantic Coastal Plain Central Fresh-
Oligohaline Tidal Marsh Tidal marsh 
Atlantic Coastal Plain Embayed Region Tidal 
Freshwater Marsh Tidal marsh 
Atlantic Coastal Plain Northern Fresh and 
Oligohaline Tidal Marsh Tidal marsh 
Atlantic Coastal Plain Central Salt and 
Brackish Tidal Marsh Tidal marsh 
Atlantic Coastal Plain Embayed Region Tidal 
Salt and Brackish Marsh Tidal marsh 
Atlantic Coastal Plain Northern Tidal Salt 
Marsh Tidal marsh 
Developed Open Space Developed open space 
Open Water (Fresh) Open fresh water 
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APPENDIX D 
 
Results of tick sampling in 2010 and 2012. The temporal range of late May 
through early August resulted in a skewed sampling rate of nymph ticks. To 
account for temporal heterogeneity I averaged the counts and Julian dates from 
2010 and 2012. 
Point Adult 
LST 
2010 
Adult 
LST 
2012 
Nymph 
LST 
2010 
Nymph 
LST 
2012 
Julian 
Date 
2010 
Julian 
Date 
2012 
CNPS_10  2 3 11 181 193 
CNPS_11  1 1 10 181 193 
CNPS_12   1 2 200 193 
CNPS_13   3 55 200 193 
CNPS_14  1 6 17 187 193 
CNPS_15 1 2 43 2 187 200 
CNPS_16 1  3  187 200 
CNPS_20   13  196 190 
CNPS_21   7  180 199 
CNPS_24 1  4  182 207 
CNPS_27  14 18 7 182 208 
CNPS_28   12 11 182 208 
CNPS_29    1 182 206 
CNPS_3  1 6 41 187 190 
CNPS_4   3  180 199 
CNPS_5   11 3 180 199 
CNPS_6 1  5 1 180 199 
CNPS_7 4  1 5 181 199 
CNPS_8 1 1   181 199 
CNPS_9     181 199 
COLW_1  4 9 199 183 205 
COLW_2 11  6 3 196 207 
COLW_3 2  4 2 183 206 
COLW_4 2 1 102 17 196 207 
COLW_5   2 1 183 207 
DRSF_1     188 197 
DRSF_10     202 201 
DRSF_11 1  2  202 201 
DRSF_12     202 201 
DRSF_13   2  202 197 
DRSF_2   1 2 203 197 
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DRSF_3   1  188 197 
DRSF_4     188 197 
DRSF_5 1   1 202 197 
DRSF_6    2 203 197 
DRSF_7   1  203 201 
DRSF_8     202 201 
DRSF_9    5 203 201 
FP_1  2 23 110 209 190 
FP_2   5 15 208 190 
FP_3  1 18 20 208 190 
FP_4   3 29 209 190 
FP_5  1 13 4 208 183 
FP_6  3 11 10 208 183 
FP_7 1  16 12 208 183 
GT_1  1 2 1 215 191 
GT_2  1 2 8 215 191 
GT_3  2  5 215 191 
GT_4  2 12 23 215 191 
GT_5  1   196 190 
Meadows_1    2 204 191 
NNP_1    7 195 213 
NNP_10   4 2 194 215 
NNP_12   11 9 197 215 
NNP_17     194 215 
NNP_18   20 7 195 215 
NNP_20   20 5 194 216 
NNP_23   13 51 195 216 
NNP_29 1 1 4 5 195 216 
NNP_3   61 18 197 216 
NNP_30 2 1 48 6 195 216 
NNP_31   11 1 197 216 
NNP_8 1 1 23 5 194 216 
NNP_9     194 216 
NQP_2 1  6 12 168 207 
NQP_3 6  2 14 169 207 
NQP_4 1 2 7 18 169 193 
NQP_5 2  136 2 169 207 
NQP_6 2  15 7 169 207 
SB_1   3 2 204 206 
 85 
SB_2    4 204 206 
SB_3     204 206 
SPSF_1   1 19 201 204 
SPSF_2   2  201 204 
SPSF_3   3  201 204 
SPSF_4     201 205 
SPSF_5     201 205 
SPSF_6 1  2 7 201 204 
WAM_1 3 2 1 1 161 198 
WAM_10 5 5 66 14 166 192 
WAM_12 4 2 155 12 166 198 
WAM_13   16 8 166 198 
WAM_14 6  185 3 168 198 
WAM_15 1  12  166 192 
WAM_2 2 1 23 2 162 192 
WAM_3   9  162 198 
WAM_4   4 1 165 198 
WAM_5 3 1 17 27 167 192 
WAM_6  1 5 8 167 192 
WAM_7   1  160 198 
WAM_8 6  198  167 192 
WAM_9 5 5 41 21 197 192 
WM_1   5 2 179 208 
WM_2 4  2 1 179 213 
WM_3 3  93 4 179 213 
WM_4 7  141 6 179 213 
WM_5 1  16 4 179 213 
YRSP_1 1  3 11 207 204 
YRSP_5  4 5 55 207 204 
YRSP_6   6 20 209 204 
YRSP_7   71 268 209 204 
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APPENDIX E 
 
Results of tick sampling in 2010 and 2012 used for gDNA extraction and PCR.  
The sites tested are slightly different than the sites used in the LST distribution 
and prevalence model because of differences in sampling schedule between 
2010 and 2012 and the possession of permits to collect ticks. We included as 
many samples from 2010 and 2012 as possible to investigate the prevalence of 
E. chaffeensis to the most accurate degree possible. Blank cells represent sites 
where no ticks were detected. Cells containing “x”s represent sites that were not 
sampled that year. For the E. chaffeensis DNA presence/absence PCR 
detection, cells containing “0”s represent sites where a DNA extraction and PCR 
was conducted and E. chaffeensis DNA was not detected. “1”s represent sites 
where a DNA extraction and PCR was conducted and E. chaffeensis DNA was 
detected. “n”s represent sites that where ticks were sampled but zero nymph 
ticks were detected. “q”s represent sites where ticks were sampled but not 
collected. “x”s represent sites that were not sampled that year.  
Point Adul
t 
LST 
2010 
Adul
t 
LST 
2012 
Nymp
h LST 
2010 
Nymp
h LST 
2012 
Julia
n 
Date 
2010 
Julia
n 
Date 
2012 
E. 
chaf 
pres. 
2010 
E. chaf 
pres. 
2012 
CNPS_1_2 x  x 22 x 190 x 0 
CNPS_10_
2 
 2 3 11 181 193 
q 0 
CNPS_11_
2 
1  1 10 181 193 
q 0 
CNPS_12_
1 
  1 2 200 193 
0 0 
CNPS_13_
2 
  3 55 200 193 
0 0 
CNPS_14_
1 
 1 6 17 187 193 
0 0 
CNPS_15_
1 
1 2 43 2 187 200 
1 0 
CNPS_16_
2 
1  3  187 200 
0 n 
CNPS_17_
2 
  335 x 200 x 
q x 
CNPS_2 x  x  x x x x 
CNPS_20_
2 
  13  190 190 
q n 
CNPS_21_
1 
  7  180 199 
0 n 
CNPS_22_
2 
3 x  x 200 x 
0 x 
CNPS_23_
2 
 x  x 200 x 
0 x 
CNPS_24_ 1  4  182 207 q n 
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1 
CNPS_27_
1 
 14 18 7 182 208 
q 0 
CNPS_28_
1 
  12 11 182 208 
q 0 
CNPS_29_
1 
   1 182 206 
n 0 
CNPS_38_
1 
 x 2 x 190 x 
q x 
CNPS_4_1   3  180 199 q n 
CNPS_5_2   11 3 180 199 q 0 
CNPS_6_1 1  5 1 180 199 q 0 
CNPS_7_1 4  1 5 181 199 q 0 
CNPS_9_1     181 199 n n 
COLW_1_
2 
 4 9 199 183 205 
0 0 
COLW_2_
2 
11  6 3 196 207 
0 0 
COLW_3_
1 
2  4 2 183 206 
0 0 
COLW_4_
1 
2 1 102 17 196 207 
0 0 
COLW_5_
2 
  2 1 183 207 
0 0 
DRSF_1_2     188 197 n n 
DRSF_10_
2 
    202 201 
n n 
DRSF_11_
1 
1  2  202 201 
0 n 
DRSF_12_
1 
    202 201 
n n 
DRSF_13_
1 
  2  202 197 
0 n 
DRSF_2_2   1 2 203 197 0 0 
DRSF_3_1   1  188 197 0 n 
DRSF_4_1     188 197 n n 
DRSF_5_1 1   1 202 197 n 0 
DRSF_6_2    2 203 197 n 0 
DRSF_7_1   1  203 201 0 n 
DRSF_8_2     202 201 n n 
DRSF_9_1    5 203 201 n 0 
FP_1_2  2 23 110 209 190 q 0 
FP_3_1  1 18 20 208 190 n 0 
FP_5_1  1 13 4 208 183 1 0 
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FP_6_2  3 11 10 208 183 0 0 
FP_7_1 1  16 12 208 183 0 0 
FTE_1 x  x 8 x 194 x 0 
FTE_2 x  x 2 x 194 x 0 
FTE_4 x  x 4 x 194 x 0 
FTE_5 x  x 19 x 194 x 0 
FTE_6 x  x 3 x 194 x 0 
FTE_7 x  x 2 x 194 x 0 
FTE_8 x 2 x 12 x 194 x 0 
FTE_9 x  x 6 x 194 x 0 
GT_1_1  1 2 1 215 191 0 0 
GT_2_1  1 2 8 215 191 0 0 
GT_3_2  2  5 215 191 n 0 
GT_4_2  2 12 23 209 191 q 0 
GT_5 1 1   196 190 n n 
Meadows_
1 
   2 204 191 
n 0 
NNP_1_2    7 195 213 n 0 
NNP_10_2   4 2 194 215 0 0 
NNP_12_1   11 9 197 215 0 0 
NNP_17_1     194 215 0 n 
NNP_18_2   20 7 195 215 0 1 
NNP_19_0 x 1 x 6 x 216 x 0 
NNP_20_1   20 5 194 216 0 0 
NNP_23_1   13 51 195 216 0 1 
NNP_25_0 x  x  x 215 x n 
NNP_29_2 1 1 4 5 195 216 q 0 
NNP_3_1   61 18 197 216 0 0 
NNP_30_2 2 1 48 6 195 216 0 0 
NNP_31_2   11 1 197 216 0 0 
NNP_33_0 x  x 4 x 214 x 0 
NNP_8_2 1 1 23 5 194 216 0 0 
NNP_9_2     194 216 n n 
NQP_2_2 6  6 12 168 207 q 0 
NQP_3_2 6  2 14 169 207 q 0 
NQP_4_1 1 2 7 18 169 193 q 1 
NQP_5_2 2  136 2 169 207 q 0 
NQP_6_2 2  15 7 169 207 q 0 
SB_1_1   3 2 204 206 0 0 
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SB_2_2    4 204 206 n 0 
SB_3_2     204 206 n n 
SPSF_1_1   1 19 201 204 0 0 
SPSF_2_1   2  201 204 0 n 
SPSF_3_2   3  201 204 0 n 
SPSF_4_1     201 205 n n 
SPSF_5_2     201 205 n n 
SPSF_6_2 1  2 7 201 204 1 0 
WAM_1_2 3 2 1 1 161 198 0 0 
WAM_10_
2 
5 5 66 14 166 192 
q 0 
WAM_12_
1 
4 2 155 12 166 198 
0 1 
WAM_13_
1 
  16 8 166 198 
0 0 
WAM_14_
1 
6  185 3 168 198 
0 0 
WAM_15_
2 
1  12  166 192 
q n 
WAM_2_2 2 1 23 2 162 192 0 0 
WAM_3_2   9  162 198 q n 
WAM_4_2    1 165 198 n 0 
WAM_5_1 3  17 4 167 213 q 0 
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APPENDIX F: 
 
 
For the distance to roads variable, the Euclidean distance to roads was top model. 
For the distance to forest variable, it was distance to forest decay scaled at 30 m. For the 
distance to brackish water, it was the Euclidean distance. For the distance to freshwater 
the decay scaled variable at 180 m was the top model. For the proportion and edge 
variables, agriculture land cover proportion at 1600 m had the lowest AIC value. For 
proportion of coniferous land cover, the 30-m scale was most parsimonious. For early 
successional land cover, the 1600-m scale fit best. For low to medium development land 
cover proportion, the 300-m scale was selected. For mesic oak forest cover proportion, 
the 300-m scale was selected. For riparian forest land cover proportion, the 300-m scale 
was most parsimonious. For the edge density between agriculture and coniferous forest 
the 1600-m scale was selected. For the agricultural and oak forest edge density the 240-m 
scale was selected. For the edge density between low to medium developed land cover 
and coniferous forest the 60-m scale was most parsimonious. For the edge density 
between low to medium development and oak forest land cover the 240-m scale was best. 
For early successional land cover and coniferous edge density the 1600-m scale was 
selected. For early successional land cover and oak forest, the 240-m scale was selected. 
For the edge density between developed open space and coniferous forest the 60-m scale 
was selected. Finally, for the edge density between developed open space and oak forest 
the 240-m scale was selected. 
 
